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THE GATE CONTROL THEORY OF PAIN 
MECHANISMS 


A RE-EXAMINATION AND RE-STATEMENT 


by P. D. WALL 


(From the Cerebral Functions Research Group, Anatomy Department, University College London, 
Gower Street, London, WCIE 6BT) 


INTRODUCTION 


Гм 1965, Melzack and I proposed a gate control theory and later we modified and 
modernized the original proposal (Melzack, 1973; Wall, 1973, 1974, 1976). Nathan 
(1976) has written a detailed review in which he concentrates particularly on 
mechanisms. Here I would like to extend his review to show where new knowledge 
requires a modification of our previous thinking, where the theory stands now and 
where gaps in our knowledge still prevent movement from speculation to reality. 
There were certain points in our original statement which seem to have been 
misunderstood and these need clarification. The diagram of mechanism we pub- 
lished had all the disadvantages of excessive clarity with its emphasis on the 
substantia gelatinosa and presynaptic mechanisms. The body of the paper men- 
tioned other possible mechanisms but it has seemed to some that the entire theory 
rested on the diagrammatic mechanism which we shall see is not the case. Of course 
there have been many interesting discoveries since. 1965 which need reviewing. 
Some of these new facts show that the data on which some of the theory was based 
was frankly misleading. Finally we shalltry to show where the persistent inadequacy 
of technique still prevents an elucidation of mechanism. 


Specificity 


Nathan writes ‘The theory neglected the facts known about stimulus-specificity 
of nerve fibres’. There are two completely different uses of the word specificity, 
one diagnostic and the other prognostic. The diagnostic meaning is that one can 
specifically diagnose the nature of the events which occur at a peripheral receptor 
which generates nerve impulses. All investigations of peripheral nerve fibres have 
' shown that under defined conditions there is a fixed and specific relation between 
stimulus and response. Any theory which neglects these facts should indeed be 
dismissed. The general paper which Melzack and I wrote in 1962 and the more 
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detailed опе in 1965 started from the fact of stimulus-response specificity in this 
diagnostic sense. It is true, of course, that preceding stimuli and concomitant 
events modify the excitability of a nerve terminal and that nerves respond to 
adequate changes of both mechanical, thermal and chemical perturbations of 
their environment but these addenda do not deny the basic specificity of the 
stimulus-response connection under defined conditions. However, we do take very 
strong issue with the use of the term specificity in its predictive prognostic sense. 
This version states that if a nerve impulse is detected in a particular type of nerve 
fibre, then one can make a specific prediction of the type of sensation which will 
result. The diagnostic use of the word refers to the past cause of the observed nerve 
impulse and we accept this as fitting the overwhelming body of facts. The predictive 
use of the word states what will happen in the future as a consequence of the 
impulses. Far from neglecting the second use of the word specificity the major point 
of both our papers (1962, 1965) was that we denied that the facts allowed one to 
move from the observations of impulses in some special fraction of peripheral 
fibres to a prediction that a specific sensation would inevitably result. In insisting 
on this differentiation, we were not being particularly revolutionary. The intro- 
duction of the word ‘nocicipient’ by Sherrington (1903) was an example of a 
diagnostic word: a structure detecting the existence of a noxious event is a noci- 
ceptor. The discovery of a nociceptor does not allow a volte face to label the fibre 
a ‘pain’ fibre which presumes an ability to predict the consequences of excitation 
of nociceptors. The use of the word ‘specific’ in its diagnostic sense frees one to 
classify nerve fibres in many more ways than is possible if a classification is attempted 
where each category of fibre must be associated with a modality of sensation. 


Pain 


Our research and thinking was prompted by the problems of pain and its wild 
and variable relation to the stimulus which evokes it. We then tried to propose ways 
in which this psychological phenomenon could be related to the rigid stimulus 
bound response properties of peripheral nerve. It is true that in exactly defined 
experimental situations, the trained subject can relate perceived pain strength to 
stimulus intensity but even amongst trained subjects a comparison of studies 
shows a wide variation of the relationship reported in different laboratories 
(Sternbach and Tursky, 1964). In the real world outside the laboratory, the varia- 
tion of the relationship between pain and injury occupies all positions between 

` injury with no pain and pain with no injury. These variations are not to be dis- 
missed as vagaries of the mind and they are therefore a proper study for science 
and neurology. Not only does the subjective statement vary but the objective signs 
of reflex activity and autonomic responses are equally and independently variable. 
Some variation follows known rules. Injury is followed by tenderness. Some 
tenderness, primary hyperesthesia, is to be explained by the sensitization of 
previously high threshold endings by tissue breakdown of products so that light 


1 


" GATE CONTROL :! 3 


pressure evokes impulses in fibres which previously required intense pressure for 
excitation. Such a change in characteristics of.stimulus response requires no 
modification of classical theory. However, if primary hyperesthesia persists, a 
secondary tenderness spreads to areas far distant from the injury. The most 
dramatic examples occur in referred pain where normal skin becomes tender 
indicating some deep and distant disorder. Here innocuous stimuli to normal 
tissue evoke pain. Any theory of pain must take such pain into account. Similarly 
the neuropathies, some painful, some painless, must be accounted for. In 1965 
we attempted to consider all types of pain and their variations and to suggest 
a way in which the facts then known about physiology and anatomy might be 
brought together to produce a correct framework for pain mechanisms. We broke 
out of the straight-jacket of classical theory only to find ourselves still in a mad- 
house. To help understand the present position, I would like first to make a general 
re-statement of the gate control theory in a form which I think is useful and 
defensible and then to discuss the details in which we were clearly wrong in the 
light of subsequent work and the details which remain unknown. 


Gate Control Theory: a General Re-statement 


(1) Information about the presence of injury is transmitted to the central nervous 
system by peripheral nerves. Certain small diameter fibres (A8 and C) respond 
only to injury while others with lower thresholds increase their discharge frequency 

.if the stimulus reaches noxious levels. 


(2) Cells in the spinal cord or fifth nerve nucleus which are excited by these injury 
signals are also facilitated or inhibited by other peripheral nerve fibres which carry 
information about innocuous events. 


(3) Descending control systems originating in the brain modulate the excitability 
of the cells which transmit information about injury. 


Therefore the brain receives messages about injury by way of a gate controlled 
system which is influenced by (1) injury signals, (2) other types of afferent impulse 
and (3) descending control. 


Peripheral Nerves 


‘Normal. In 1965, the literature on mammalian nociceptors was wrong and highly 
misleading because it appeared that adequate investigations of all types of peripheral 
nerve fibres had been carried out. In the entire literature, only 20 myelinated fibres 
which could be called nociceptors had been described. The most complete study 
by Hunt and McIntyre (1960) found 7 nociceptors among 421 A fibres. This 
careful paper showed that their distribution of observed conduction velocities 
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matched the observed distribution of fibre diameters and therefore it seemed that 
they had adequately sampled the entire À population. Of the unmyelinated C fibres, 
Iggo had reported a few nociceptors (1960). It seemed possible, however, that these 
might have been damaged by his dissection method because Douglas and Ritchie 
(1957) with their non-intrusive collision technique reported that all C fibres 
responded to low intensity stimuli. We reasonably concluded *These data suggest 
that a small number of specialized fibres may exist that respond only to intense 
stimulation' (Melzack and Wall, 1965). We knew of course from the extensive work 
from Adrian (1931) and Zotterman (1939) and Collins, Nulsen and Randt (1960) 
that it had been repeatedly shown that stimulation of smaller diameter A and C 
fibres evoked pain and we had to match this fact with the apparent rarity of pure 
nociceptors. The suggested solution was that an important part of the injury signal 
was the high frequency and massed firing of those fibres which had a wide dynamic 
range and responded to low level stimuli and then increased their discharge rate 
with more intense stimuli. These wide dynamic range fibres also cluster in the 
smaller diameter range. Electrical stimuli which excited such fibres would then 
deliver a false injury signal because of the combined spatial and temporal sum- 
mation of the impulses on central cells. 

'The facts were wrong. The dissection and recording techniques had grossly 
biased the sampling in favour of larger fibres. We now know, thanks largely to the 
single fibre recordings in animals of Iggo, and Perl and Burgess, that substantial 
numbers of nociceptors exist (reviewed in Iggo, 1973). The micro-electrode 
technique of Vallbo and Hagbarth shows that these fibres also exist in man 
(Torebjork and Hallin, 1973, 1974; Van Hees and Gybels, 1972). Some of these 
nociceptors become sensitized by prolonged or repeated noxious stimulation so 
that their threshold drops and they are excited by normally innocuous stimuli 
(Bessou and Perl, 1969) an observation which may be related to the primary 
hyperalgesia. The sensitization of nociceptors does not exclude them from being 
useful in signalling the presence of damage since their receptors can be said to 
sense the continuing subliminal presence of injury which then reaches threshold 
when minor innocuous stimuli occur. Some terminals become less sensitive 
following injury and these clearly do not signal the sequela of injury or contribute 
to the pain suffered at some time after injury. The discovery of the class of noci- 
ceptive fibres is of obvious importance but as we stated (1965) ‘this does not mean 
that they are “pain fibres" in that they must always produce pain and only pain 
when they are stimulated’. Nor does it mean that the high frequency discharge of 
low threshold fibres of wide dynamic range can now be neglected as playing no 
role in conveying to the CNS part of the message that injury exists. 


Pathological peripheral fibres. The 1965 paper was written before the present 
explosion of information about the anatomical state of nerves in the peripheral 
neuropathies. We were highly influenced by the one detailed study available, on 
post-herpetic neuralgia (Noordenbos, 1959) in which Weddell had shown that 
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intercostal nerve biopsy specimens provided by Noordenbos had а preferential 
loss of large myelinated fibres and Noordenbos had generalized from this observa- 
tion to propose that the pain was a consequence of a loss of inhibition normally 
provided by the large fibres. We now know that loss of large fibres is not necessarily 
followed by pain. In Friedreich's ataxia (Dyck, Lambert and Nichols, 1971) there 
is just such a preferential large fibre deficit without pain. I thought it might still 
be possible to defend the generalization for adults since Friedreich's ataxia begins 
at a very early age and it is possible that spinal cord compensations occur during 
` the development of the unusual afferent pattern. This is no longer tenable, however, 
since Thomas (1975) showed that the polyneuropathy of renal failure in adults is 
not associated with complaints of pain although there is preferential destruction 
of large fibres. Any attempt to correlate the remaining fibre diameter spectrum with 
the symptomatology of neuropathies is no longer possible as is apparent in recent 
reviews (Dyck, Thomas and Lambert, 1974; Thomas, 1975). All combinations 
have been reported. For example, Fabry’s disease is associated with loss of small 
myelinated fibres and pain (Kocen and Thomas, 1970) but one hereditary sensory 
neuropathy (Schoene, Asbury, Astrom and Masters, 1970) is associated with 
а loss of myelinated fibres, preserved C fibres and analgesia. In an attempt to make 
sense of this chaos, Dyck, Lambert and O’Brien (1976) introduced the dynamic 
factor of the presence of ongoing degeneration as well as the static existence of 
some particular fibre spectrum at the time of biopsy. Of their 72 patients with 
peripheral neuropathy, pain was present in 19 of 25 patients with acute fibre 
degeneration and only in 5 of 34 patients with other types of degeneration. Their 
conclusion is less impressive when one notices that 12 of the 19 patients with pain 
and acute degeneration had only ‘a slight degree of pain, not a chief complaint and 
analgesics were not used’. However, it does seem reasonable to conclude that fibre 
diameter alone is not enough or is completely irrelevant to explain the origin of 
pain in the neuropathies. How can this be? One possible answer is that the biopsy 
has not sampled the relevant region of nerve. In a case of tabes dorsalis, the 
peripheral fibre spectrum was normal in spite of complaints of pain (Dyck, 
Lambert and Nichols, 1971), and one may presume that in this case the disorder 
was central to the dorsal root ganglion. In experimental neuromas of the sciatic 
nerve of the rat, the fibre spectrum of the parent sciatic nerve fibre is almost normal 
but the small myelinated afferents and the unmyelinated afferents conduct 
impulses from the neuroma (Devor and Wall, 1978). An anatomical study of the 
neuroma does not permit a statement of the diameter of the parent fibres which 
give rise to conducting fine sprouts which make up the neuroma. This leads to a 
further problem in interpreting a biopsy spectrum since one cannot know that an 
observed fine fibre is not connected to a larger fibre or what are the central connec- 
tions of the observed fibre or what are the properties of its peripheral receptor. 
Obviously anatomy does not predict physiology. Intact fibres may be completely 
‚ or partially blocked. Furthermore, as implied by Dyck et al. (1976), degenerating 
fibres may become spontaneously active or easily excited. Diamond (1959) showed 
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that regenerating fibres become sensitive to acetylcholine. Wall and Gutnick 
(1974a, b) showed that fibre sprouts within a neuroma are spontaneously active, 
sensitive to pressure, silenced by repetitive antidromic invasion and sensitive to 
noradrenaline. Evidently degenerating, sprouting and regenerating fibres have 
unusual impulse generation and conduction properties. It might be thought that 
recording from single fibres in patients with neuropathies would resolve these issues 
but this is not entirely true because, like the biopsy, only one area is observed and 
the central destination of an observed impulse is not known. It is evident that we 
are unfortunately almost as free to speculate about the cause of pain in neuropathies 
now as we were in 1965 because the cause is unknown. 


Cord Cells Responding to Injury 


Since only a partial survey of spinal cord cells had been carried out by 1965, we 
postulated the existence of injury detecting cells and gave them the non-committal 
name of T cells. Now that many more cells have been recorded, one must first ask 
what are the criteria by which cells will be labelled as being concerned with pain 
mechanisms. Those committed to specificity theory consider only cells responding 
to injury and to no other stimuli. I take a more conservative approach and consider 
all cells responding monosynaptically to nociceptive afferents. Some would require 
that candidate cells must send axons into the contralateral ventral white matter. 
Tbis is an unrealistic requirement since peripherally evoked pain recurs some weeks 
or months after anterolateral cordotomies. Some would even require that the cells 
must project to the thalamus, an even more unrealistic requirement in view of tbe 
generally unsatisfactory results of thalamotomies for the long-term treatment of 
pain (White and Sweet, 1969). It is not even necessary that the celis should project 
into long running pathways since it has been known since Schiff that bilateral and 
polysynaptic pathways can mediate pain (Basbaum, 1973). It would be ideal if 
one could correlate the firing of cells with behaviour evoked by strong stimuli 
to determine the necessary if not sufficient conditions for the evocation of pain 
but no such experiments are available. Similarly, no chemical or surgical blockade 
succeeds in permanent abolition of pain unless a complete disruption of projection 
pathways is achieved. Therefore these manœuvres do not yet provide experimental 
evidence for selecting which cells or axons are crucial. A novel method introduced 
by Mayer, Price and Becker (1975) in which stimulus parameters needed to evoke 
pain and to stimulate particular types of cells are compared, offers a way of 
‘identifying cells involved in pain. What are the candidate cells? 


Marginal cells, lamina 1. Cells exist in this lamina which respond only to 
nociceptive afferents and to no others (Christensen and Perl, 1970). Some of these 
project into contralateral ventral white matter and some of these even as far as the 
‚ thalamus (Dilly, Wall and Webster, 1968; Trevino, Coulter and Willis, 1973; 
Kumazawa, Perl, Burgess and Whitehorn, 1975). One must warn that such cells 
have been detected by these skilled and hard workers in very small numbers; an 
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average of only two cells responding specifically to a nociceptive input have been 
recorded from each experimental animal. It would seem premature to adopt these 
cells as all that is necessary to explain pain mechanisms as Kerr (1975) has done. 
They exist in a population of cells most of which receive convergences from many 
` types of peripheral afferent (Wall, 1968). This fact warns that one should be 
cautious in attributing one and only one function to a particular cell since, as we 
shall see, the degree of convergence is under control of other afferents and descend- 
ing systems and is also dependent on the activity of segmental interneurons. 
Furthermore, these cells do not match a number of simple expected correlations 
between their firing and pain behaviour. À powerful substance such as bradykinin 
does not excite them and their discharge is not prolonged following injury (Christen- 
sen and Perl, 1970). 


Lamina 5 cells. There are large numbers of cells in lamina 5 which respond to 
both myelinated and unmyelinated nociceptive afferents (Wall, 1967). They respond 
to injury and to algesic substances (Besson, Conseiller, Hamann and Maillard, 
1972). Their response to injury is. decreased lin the presence of narcotics and 
anesthetics (reviewed by Mayer and Price, 1976). Some have cutaneous receptive 
fields, while some receive high threshold afferents from muscle and others from 
viscera (Pomeranz, Wall and Weber, 1968). In addition to their response to 
nociceptive afferents, most of these cells also respond to low threshold afferents. 
Their receptive fields are therefore complex (Hillman and Wall, 1969). The most 
dramatic of these convergences of high and low threshold afferents are on those 
cells which respond to high threshold visceral afferents and also to low threshold 
afferents from skin (Pomeranz et al., 1968). The existence of these low threshold 
excitatory convergences exclude these cells as candidates if complete specificity 
is required, but includes them if one wishes to explain such phenomena as hyper- 
esthesia where light stimuli increase pain. Some of these cells project to opposite 
ventral white matter.and some to thalamus (Trevino et al., 1973). The papers of 
Mayer, Price and Becker (1975) and Price and Mayer (1975) show that cells of this 
type are strong candidates for playing a role in pain evoked by stimulation of the 
ventro-lateral cord in man. 


Other cells. A system of cells responding to intense peripheral stimulation and 
conducting slowly along the core of the spinal cord, medulla and mid-brain was 
described by Collins and Randt (1960); no single unit recordings have yet been 
made. It must be warned that recording methods still do not allow an exhaustive. 
sampling of spinal cord cells. Therefore it may be that crucial populations of small 
cells remain undetected. One obvious group of small cells which have until very 
recently resisted recording are those in substantia gelatinosa. Heimer and Wall 
(1968) showed that fine afferents terminate on these cells in cat and rat. Kumazawa 
and Perl (1977) have shown that cells in this region in monkey respond to noci- 
ceptive C afferents. Our own unpublished work on cat shows that there are several 
types of cells in substantia gelatinosa, many of which respond to low threshold 
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. afferents. The anatomy of the region shows that cells only project over very short 


distances (Szentagothai, 1964). Therefore they might only play a local segmental 
role in modulating the transmission of impulses from arriving afferents to cells 
which project over long distances (Wall, 1962). However, it is also possible that 
they play a role in pain mechanisms as a system of multiple chains of short pro- 
jection cells as suggested by Noordenbos (1959). A continuous column of spinal 
grey matter is not essential for the perception of pain since cases of syringomyelia 
have been seen with complete obliteration of some segments of grey matter but 
preservation of white matter and of pain sensation. It is quite possible, however, 
that short loops of axons extend from grey to white to grey matter and thereby 
bypass the interrupted continuous column of grey matter in such cases. 


Do Peripheral Afferents Inhibit the Cells Excited by Nociceptive Afferents? 


An essential feature of our hypothesis was that cells excited by injury afferents 
-would be inhibited by low threshold afferents. Subsequent discoveries have fully 
supported this aspect of the theory. Cervero, Iggo and Ogawa (1976) show that 
the discharge of the lamina 1 cells which are excited by noxious heating or by 
electrical stimulation of the A delta and C cutaneous afferents are inhibited by 
electrical stimulation of the large (Group 2) cutaneous myelinated afferents. An 
essential feature of the organization of lamina 5 cells is that they possess an 
inhibitory surround receptive field which is activated by low threshold afferents 
(Hillman and Wall, 1969). From the excitatory centre of the receptive field, low 
threshold afferents evoke an excitation followed by a prolonged period of inhibi- 
tion. Since the low threshold large diameter myelinated afferents send collaterals 
rostrally in the dorsal columns, it is not surprising that dorsal column stimulation 
also inhibits lamina 5 cells (Hillman and Wall, 1969). Foreman, Beall, Applebaum, 
Coulter and Willis (1976) show that this inhibition is produced in the response of 
spinothalamic tract neurons in primates by stimulation of the dorsal columns. 
Electrical stimulation of bundles of axons is, of course, a crude often misleading 
manceuvre; since it bypasses the specificity of input from different terminals, it 
fails to initiate the natural temporal pattern of impulses and it smears the differing 
effects which depend on the spatial origin of the fibres. In spite of this crudity, 
electrical stimulation of peripheral nerves or dorsal columns partially imitates the 
inhibition of lamina 5 cells which can be produced by discrete light pressure 

_ Stimuli in spatially specific parts of the cells’ receptive fields. All the candidate cells 
which respond to injury and which have been tested for their response to low 
threshold afferents have been shown to be inhibited: 


What is the Mechanism of the Afferent Inhibition? 


Melzack and I (1965) proposed as a secondary hypothesis that the gate control 
might be operated by a pre-synaptic mechanism but we also stated that post- 
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synaptic mechanisms could also operate. In the diagram we made the error, for 
the sake of simplicity, of showing only a pre-synaptic mechanism and a number of 
critics including Nathan have missed what was written in the text and have assumed 
that we proposed only a pre-synaptic mechanism and furthermore that the whole 
theory rested on this mechanism. The theory in fact rests on the presence of 
inhibitions and facilitations and these are undoubted. The question of whether 
these are pre- or post-synaptic is secondary but, of course, of considerable interest. 
Hongo, Jankowska and Lundberg (1968) showed that there were undoubted signs 
of post-synaptic inhibition and this work remains the only definite identified 
location of an inhibition. This does not exclude the possibility that pre-synaptic 
inhibition might not also operate. It is certain that there are depolarizations of the 
terminals of the afferent fibres. These generate the dorsal root potentials and the 
lowering of threshold of the afferent fibre’s terminals. The mechanism by which 
this afferent depolarization occurs remains in doubt. The depolarization is very 
loosely coupled with an inhibition of transmission from afferents to interneurons. 
We had suggested that these pre-synaptic changes were associated with a block of 
transmission from the entering fibres into the terminal arborization (Howland, 
Wall, Lettvin, McCulloch and Pitts, 1955) and Eccles (1964) had proposed that 
a depolarization of terminals would result in a decrease of transmitter release. 
Both of these suggestions are based on circumstantial evidence and still lack proof 
in the mammal. Neither of these proposals excluded that there was not a con- 
comitant and perhaps predominant post-synaptic change which explained the 
observed inhibition. I wish to emphasize that an undoubted pre-synaptic de- 
polarization occurs; its origin is unknown; it roughly coincides with an inhibition ; 
however, for the only candidate cells which have been examined, there are also 
post-synaptic changes. Therefore, it is still a matter of speculation to propose the 
origin of the observed inhibition. Unlike some invertebrate synapses, the mam- 
malian dorsal horn still contains synaptic interconnections too small and too 
intricately interwoven to allow definite causal mechanisms to be demonstrated 
which explain observed input-output functions. 

It was proposed that the cells of substantia gelatinosa played a role in the 
modulation of transmission. Their anatomical location with short running axons 
interposed in the junction region of afferents and dendrites made them suitable 
for this role. Further details of this anatomy (Kerr, 1975) emphasize this possibility 
but do not help in the pre- or post-synaptic controversy. A positive physiological 
reason for their inclusion was the observation that the Lissauer tract which inter- 
connects the cells of substantia gelatinosa was capable of spreading the primary- 
afferent terminal depolarization from one segment to another (Wall, 1962). Since 
that time Denny-Brown, Kirk and Yanagisawa (1973) have given more substantial 
reasons for involving the Lissauer tract and therefore the substantia gelatinosa in 
the regulation of the effectiveness of afferent impulses. They showed that the 
dermatome subserved by an isolated dorsal root, as tested by behavioural reaction 
to cutaneous stimulation, was greatly expanded if the Lissauer tract, entering the 
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innervated segment, was sectioned. Exciting and important as this observation is, 
it must be pointed out that it cannot tell how the substantia gelatinosa cells are 
involved in the pathway from the dorsal root to the observed motor responses. 
It is clear that techniques will have to be developed to modify independently the 
action of substantia gelatinosa cells and to record from them before proceeding 
to test how they are involved in the excitability of reflex areas or sensory trans- 
mission. All the work since 1965 shows that cord cells responding to injury are 
subject to inhibitions of peripheral origin but the mechanism remains obscure. 


Facilitations 


There has been remarkably little progress on the subject of facilitation as 
distinct from excitation. The reason is a technical one. The cells under discussion 
are excited by small diameter afferents which conduct slowly and the action 
potentials in the fibres are difficult to record. In certain favourable situations, cells 
may respond only to a particular group of small afferents as in the case of lamina 5 
cells responding to the splanchnic nerve (Pomeranz et al., 1968) or the lamina 1 
cells (Christensen and Perl, 1970). This allows a satisfactory timing of the first 
discharge of the cell and a proof that it is responding, probably monosynaptically, 
to the leading edge of the arriving slow volley; but many of these cells then respond 
repetitively and it is not easy to prove if these subsequent responses of the cell are 
due to excitation by trailing slowly conducted impulses in the afferent volley or 
are produced by some reverberation within the cell or by the action of some nearby 
cells. We proposed in 1965 that a source of long lasting facilitation was a hyper- 
polarization of the terminals of afferent fibres produced by the arrival of volleys 
in small diameter afferents. There was, for a time, a controversy as to whether this 
primary afferent hyperpolarization existed at all but it now seems generally agreed 
that hyperpolarizations exist but are not necessarily associated with the arrival 
of afferent volleys in small nociceptive afferents (reviewed by Wall, 1973). In 
earlier work (Wall, 1959) I gave reasons to suggest that the prolonged repetitive 
firing of dorsal horn interneurons was neither a property of the afferent volley nor 
of the responding transmitting cells and therefore must be attributed to some other 
mechanism. For the reasons stated, this problem has not been a major target of 
investigation although it will be important in understanding pain mechanisms 
particularly in those situations of hypzsthesia where slowly repeated stimuli 
result in a slow wind up of sensation reminiscent of the wind up of cell response 

-(Mendell, 1966). These gradually increasing pains are evoked by such slowly 

repeated stimuli that each stimulus must leave behind it a period of facilitation 
which exaggerates the effect of the subsequent stimulus (Noordenbos, 1959) and 
cannot be explained by a dispersion of the arrival time of the afferent volley. 


M 
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Are the Injury Detecting Cord Cells Subject to Descending Control? 


An essential feature of the gate control hypothesis was that the cord cells which 
received nociceptive afferents would be under descending control and this has 
proved to be the case in all cells so far examined. In the decerebrate animal, a 
powerful tonically active inhibitory system within the pons and medulla projects 
into the dorsal horn. This system inhibits the effects of cutaneous and visceral 
afferents on dorsal horn neurons. This was first noticed by Sherrington and Sowton 
(1915) in comparing reflex activity in spinal and decerebrate animals. Wall (1967) 
showed that it was possible to follow the activity of single cells before, during and 
after the cold block of a segment of spinal'cord which blocked the descending 
inhibition in cerebrate animals. Cervero et al. (1976) located 46 cells in the marginal 
layer, lamina 1, 35 of which responded only to nociceptive afferents and 11 
responded to sensitive mechanoreceptors as well as to nociceptors. When the 
spinal cord was cold blocked, both types of cell became more excitable. The 
lamina 5 cells have been studied in more detail by Wall (1967) and Hillman and 
Wall (1969). In the decerebrate state, their receptive fields are smaller, the ongoing 
activity is less, the inhibitory areas are more effective and the response to injury is 
smaller than in the spinal state. Small lesions and micro-electrode stimulation 
show that this inhibitory pathway descends in the dorsolateral white matter. Other 
descending systems such as the pyramidal tract (Fetz, 1968) and vestibulospinal 
system (Erulkar, Sprague, Whitsel, Dogan and Janetta, 1966) also control dorsal 
horn interneurons. One of these systems descends indirectly from the peri- 
aqueductal grey matter of the mid-brain, PAG. Stimulation of this area produces 
a profound analgesia in animals and man (Reynolds, 1969; Mayer and Liebeskind, 
1974; Adams, 1976). The same stimulation inhibits the response of lamina 5 cells 
to noxious stimuli (Oliveras, Radjemi, Guilbaud and Liebeskind, 1974). The 
behavioural analgesia must be produced by a descending inhibitory system since 
unilateral section of the dorsolateral white matter in rat thoracic cord abolishes 
the analgesia in the ipsilateral hind leg while leaving the other three limbs analgesic 
(Basbaum, Clanton and Fields, 1976; Basbaum, Marley and O'Keefe, 1976). The 
descending pathway seems to relay in the cells of the nucleus raphe magnus (Fields, 
Basbaum, Clanton and Anderson, 1977; Basbaum, Clanton and Fields, 1976) and 
to be dependent on monoaminergic transmitters (Engberg, Lundberg and Ryall, 
1968; Akil and Liebeskind, 1975). 


The Effect of the Success of Transcutaneous Nerve Stimulation on the Gate Control 
Theory 


The most obvious prediction of the gate control theory was that stimulation of 
large diameter peripheral nerve fibres should raise the threshold for detecting 
injury in the region served by the stimulated nerve. Wall and Sweet (1967) im- 
mediately proceeded to test this with considerable trepidation since we did not 
know if the predicted threshold rise would be significant or, worse, if the excitatory 
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effects in man would overwhelm the inhibitory ones. We were well aware of the 
fact that electrical stimulation of peripheral nerve produces an abnormal con- 
catenation of spatial and temporal convergences of peripheral afferents on to 
central cells. However, we hoped that the artificial barrage produced by low level 
peripheral nerve stimulation would have an overall inhibitory effect on human 
cord cells as it does in the cat. The predicted rise of threshold was shown to occur 
in normal subjects (Higgins, Tursky and Schwartz, 1971; Satron and Goldstein, 
1973; Campbell and Taub, 1973). In certain patients with chronic intractable pain, 
the effect of transcutaneous electrical stimulation is sufficiently powerful for 
therapeutic use. In a series of 336 cases with peripheral disease reported by Long 
and Hagfors (1975), 129 gained full relief of pain from counterstimulation while 
of 60 cases with central disorders only 2 responded. In a survey of over 3000 
patients at various centres, 25 to 30 per cent of patients previously completely 
incapacitated by chronic pain were more or less completely relieved of pain (Long 
and Hagfors, 1975). Eleven of 30 chronic severe cases of post-herpetic neuralgia 
responded satisfactorily over long periods of time to transcutaneous stimulation 
(Nathan and Wall, 1974). 

The theory proposed that stimulation of large diameter afferents would, on 
average, raise the threshold of central cells by increasing inhibition. In spite of the 
apparent support given to this proposal by the clinical results, I was from the 
beginning cautious about this conclusion for two reasons. One was the observation 
that certain types of pathological pain would completely disappear while leaving 
the area normally sensitive to pin prick and pinch (Lindblom and Meyerson, 1975). 
This suggested that there was something special about these pains whose control 
did not necessarily interact with ‘normal’ pain. The second reason was that some 
patients experience relief for hours after minutes of stimulation while the inhibi- 
tions which we observed in animals only outlasted the stimulus for seconds. 

Campbell and Taub (1973) proposed that the electrical stimulation was so 
intense that the peripheral nerves themselves were blocked. Using pulse widths 
ten times those normally used and voltages five times higher, they presented 
possible evidence that peripheral nerves were blocked. Ignelzi and Nyquist (1976) 
also show peripheral nerve block in animals but they appear to have applied the 
full current across the sural nerve which is normally distributed across an entire 
leg. It has been known since the first man recovered from a bolt of lightning that 
intense electrical stimulation will block a nerve but can this be the explanation for 
_ the clinical results? The answer is no because if it were so the treated area should 

be anesthetic, which it is not, and dorsal column stimulation should never work, 
although it does. Furthermore, in order to block a nerve with the intense currents 
used by Campbell and Taub, it is necessary to stimulate both large and small fibres 
before they block and even when part of the nerve is blocked the stimulation 
continues on the edge of the block. If only peripheral block were to occur the 
subject would be in intense pain during the onset of the block and while it was 
maintained. Since he is not, one must propose that some central inhibitory 
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mechanism has been set off by the initial low stimulus intensities used and that this 
inhibition is sufficient to allow the subject to tolerate the subsequent barrage 
generated by the higher currents. 

Worried by the discrepancy between the clinical results and our predictions in 
which the clinical relief over-fulfilled the prediction, Wall and Gutnick (1974a, b) 
turned to examine the physiology of abnormal peripheral nerve. In rats, the sciatic 
nerve was cut and the end was placed in a tube so that the neuroma developed 
within the tube. Impulses were recorded in single dorsal root fibres whose ends lay 
within the neuroma. The intact parent fibres which sprout to form the neuroma 
include many small diameter fibres (Devor and Wall, 1978). Many of these 
fibre terminals give rise to ongoing activity. We placed stimulating electrodes on 
the proximal intact nerve and, in imitation of therapeutic counter-stimulation, 
a 100 Hz 0-1 ms square wave stimulation was applied. To our surprise, the anti- 
dromic invasion of the sensory terminals in the neuroma by the high frequency 
train of impulses was followed by long periods of silence of the previous ongoing 
activity and by long periods of insensitivity to electrical or mechanical stimuli. 
After a few seconds of tetanus, these neuroma terminals took minutes or hours to 
recover their previous sensitivity. If normal intact terminals are invaded by such 
volleys they recover their excitability within seconds. It is evident that either the 
nerve impulse generator mechanism or the transmission properties of axons in 
a neuroma have abnormal properties which fail to recover after high frequency 
driving. If these abnormal properties exist in the membrane of human pathological 
peripheral axons, it may then be that part of the explanation for the effectiveness 
of electrical stimulation lies in the periphery rather than in the cord. One must 
stress, however, that it is still necessary to postulate central inhibition as well as 
a possible peripheral mechanism since otherwise it would be impossible to reach 
the required voltages of stimulation without inflicting intolerable pain. If the 
stimulating current is gradually raised during the application of surface stimulation 
with 100 Hz 0-1 ms square waves, a voltage is reached at which the subject feels 
a strong buzzing tingling sensation. If a short burst of stimuli at this voltage is 
applied without preconditioning, the result is intense pain. The reason for this 
difference is that the preceding low level stimuli have produced central inhibition. 
The striking and long lasting abolition of pain from damaged nerve by counter- 
stimulation may therefore be due to a combination of central inhibition and 
peripheral inactivation, but it remains possible that such nerves generate unusual 
central patterns of response which are particularly easily inhibited by afferents. 


SUMMARY AND CONCLUSIONS 


In 1965, we proposed that the transmission of information about injury from 
the periphery to the first central cells was under control. The setting of this control 
or gate was influenced by peripheral afferents, other than those which signalled 
injury. The gate was also influenced by impulses descending from the brain. 
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Subsequent work has fully supported and enlarged this view. All the cells so far 
discovered which transmit information from nociceptors are inhibited by low 
threshold afferents and by descending controls. The mechanism by which this 
control is achieved remains completely unknown. Pre-synaptic inhibition as a 
phenomenon isolated from post-synaptic inhibition is in doubt. Whether the 
inhibitions and facilitations are pre-synaptic or post-synaptic or both is unknown. 
Therole ofthe substantia gelatinosa in any function is unknown. That a gate control 
exists is no longer open to doubt but its functional role and its detailed mechanism 
remain open for speculation and for experiment. 
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SOME FREQUENCY RESPONSE 
CHARACTERISTICS OF PARKINSONISM 
ON PURSUIT TRACKING 


by KENNETH FLOWERS! 


(From the MRC Brain and Perception Laboratory, University of Bristol Medical School, 
Bristol BS8 1TD) 


INTRODUCTION 


THERE has been considerable interest in recent years in the impairment of voluntary 
movement shown by patients suffering from Parkinson's disease. Most of the work 
reported previously has been concerned with discrete movements, emphasizing 
the difficulties these patients have in programming movement sequences (Perret, 
Eggenberger and Siegfried, 1970), in carrying out two actions simultaneously 
(Schwab, Chafetz and Walker, 1954; Horne, 1973) or in correcting erroneous 
movements (Angel, Alston and Higgins, 1970). Individual aiming movements also 
appear to be abnormal in these patients (Flowers, 1975, 1976), leading the present 
author to suggest that the parkinsonian deficit may be described as a loss of skill, 
especially of the *programs' of movement learnt in the course of normal per- 
ceptual motor development. (These programs allow quick and efficient movement 
on the basis of a predictive selection of actions which are known to be more or 
less appropriate to the particular conditions of the task in hand). If so, these 
patients should also have difficulty in controlling continuous movement, where 
the subject has to initiate not just individual discrete actions, but a smooth 
continuously-graded control of the force being applied and of its timing. A good 
way to measure this is in terms of frequency response, a technique borrowed from 
engineering and the specification of physical systems, and applied previously to 
normal human pursuit tracking performance (e.g. Noble, Fitts and Warren, 
1955). 

Stark (1968), Cassell, Shaw and Stern (1973) and Eidelberg and Dunmire (1973) 
tested parkinsonian subjects on a continuous tracking task, finding them less 
efficient than controls in terms of tracking lag and relative amplitude of response 
(amplitude proportional to that of the input). Their tracks, however, were irregular 
and largely unpredictable, so that the tracking movements had to be initiated 
mainly as serial responses to the position of the target from moment to moment, 

1 Present address: Department of Psychology, The University, Hull HU6 7RX. 
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rather than generated spontaneously from their knowledge of the shape and 
characteristics of the track. With a regular sinusoidal target motion, however, 
normal subjects usually perform better than on irregular tracks by switching to 
a predictive mode of control based on some ‘model’ of the target motion, which 
allows them to reduce their tracking lag and produce a smooth continuous move- 
ment. Noble et al. suggested that the normal tracker works in this way: ‘In a task 
that requires him to make his response outpüt correspond in time and space to 
a continuously and rapidly changing stimulus, S does not respond directly to the 
stimulus at all—instead, he puts out a continuous predicted response, observes 
the relation between his output and the stimulus pattern, and at periodic intervals 
makes necessary changes in his predictions. In other words, he changes from 
control through external information, to control through internal information or 
an 'interna] model" of the movement to be generated (Kelley, 1968; Gregory, 
1970). 

Frequency response functions indicate the amplitude and phase relationships 
between input and output for sinusoidal input signals of different frequencies, 
where the temporal relation between input and output is critical (especially at 
higher frequencies). Studies on well-practised normal operators (reviewed by 
Poulton, 1974) have shown that tracking becomes worse as the task frequency 
increases, although the size of the error begins to rise sharply only at frequencies 
of 1-5 Hz and above. Unlike most physical systems, where the amplitude decreases 
after some critical frequency is reached, humans tend to maintain the amplitude 
of their response, but lose synchronization with the input. When this occurs, they 
require some constant ‘sampling period’ to observe the target and their own output 
before attempting to correct the discrepancy; alternatively they may continue to 
generate an output at a different amplitude or frequency to that of the input, that 
is, one which is more or less independent of the target motion. Other sources of 
error include variability in output amplitude, and consistent over- or under- 
shooting of the target. All these appear more pronounced as the frequency of the 
input increases, but improve with practice as skill develops. 

In this study the performance of a group of parkinsonian subjects was compared 
with that of a control group of relatively unsophisticated and unpractised normals, 
to see whether the patients' tracking was abnormal, and if so, in what way. Do 
they get relatively worse as frequency increases (as suggested in a brief report by 
Eidelberg and Dunmire, 1973)? Do they break down at a lower frequency of input, 

and if so, what kind of strategy do they then adopt? Three frequencies of sine- 
wave were used, 0-17 Hz (slow), 0-50 Hz (fast) and 1-00 Hz (very fast), the last 
of these being presented at smaller amplitudes (80 and 40 mm) as well as the 
standard one of 125 mm. In addition, two sweep tracks were presented, where the 
frequency increased throughout the trials. These tested the ability of subjects to 

change the speed of their movements in a steady and controlled fashion. 
~ a As Well as these sinusoidal tracks, three other tracks were presented for com- 
1 l"barison; a slow ramp track of 0-11 Hz which required a constant velocity rather 
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than a sinusoidal movement; and two irregular 'noise' tracks, whose mean 
frequencies were about the same as those of the ‘slow’ and ‘fast’ sine-waves. These 
latter gave an estimate of the subject’s ability to track in a ‘response’ mode rather 
than in a ‘predictive’ one; normal subjects showed a substantial advantage in 
tracking regular sinusoidal movements compared to these unpredictable ones, as 
explained above. 


METHOD 


Subjects 


The Parkinsonian Group comprised 15 subjects, 8 men and 7 women, all outpatients with two or 
more years’ history of the disease. Their ages ranged.from 38 to 74 years with a mean of 60-1. All but 
2 were being treated with L-Dopa or Sinemet, which they claimed had greatly improved their condition 
(mainly as regards the tremor and rigidity features of their illness). Some patients had undergone surgery 
for the disease, which they also claimed had ameliorated their symptoms. In no case were the classical 
symptoms of tremor, rigidity and bradykinesia present to more than a moderate degree. Table | gives 
the clinical assessment of all the patients at the time of testing. 

The Control Group comprised 16 paid volunteers, 15 of them drawn from the non-academic staff 
of the University or their relatives, and one academic volunteer. There were 9 men and 7 women, ages 
ranging from 38 to 71 years with a mean of 56-7. Their experience of the apparatus and testing was 
matched with that of the patients (if anything, they had less practice both within sessions and ın the 
number of sessions) and they were tested with similar procedures to the patients. None of them had 
a history of nervous disease or serious head injury, and none were taking drugs which would directly 
affect the central nervous system. 

One patient in the Parkinsonian Group was mixed-handed with a general preference for the left hand 
All the other subjects were fully right-handed; the preferred hand was used in all cases regardless of 
which one appeared to be worst affected by the illness, as all subjects reported this felt most comfortable 
for them. 


Apparatus 

A large screen oscilloscope (Lanscope Model 419A Display Scope with a 17-inch short persistence 
TV-type tube) was used for the display. Beam-switching provided two independently moved markers. 
The target marker was a small (3 mm diameter) circle generated as a Lissajous from an oscillator with 
90 degrees phase shift. The tracked waveform was produced by means of an Advance VLF generator 
(type SG88) capable of providing any repetitive function, including repeatable noise. The subject's 
control marker was a small dot precisely following the movement of the joystick. The subject's task 
was to make the control spot match thé movement of the target as closely as he could, as 1t moved to 
left and right in one dimension across the centre of the screen in various wave-forms, keeping it in the 
centre of the circle if possible. The joystick gain was set so that the movement of the spot was virtually 
equal to that of the hand in the horizontal plane. The joystick was mounted in precision gimbal bearings 
(modified from a gyroscope) which allowed movement laterally (left-right) and antero-posteriorly 
(forward and back) with very low friction and inertia. It was fitted with a pair of linear potentiometers, 
such that movement of the joystick knob produced an equal horizontal movement of the spot on the 
screen (movement forward and back was not registered on the screen, nor recorded). 

Tracking was recorded on a UV recorder (SE Laboratories (EMT) type 3006/DL) for visual inspection, 
and by means of punched tape for numerical analysis. An eight-channel multiplexer sampled the 
outputs from the oscilloscope and joystick at intervals of 80 ms and fed through an A-D Font 
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Target Tracks 


Details of the various wave-forms used ın the study are given in Table 2. The ‘noise’ tracks were 
produced by blanking off all but two portions of the VLF noise disc so that the same parts of the disc 
were used for all subjects. Repeated trials used the two portions alternately to reduce any possible 
(though unlikely) learning of the tracks themselves. In the sine-wave-sweep conditions, the frequency 
was set at the lower value at the beginning of the trial, and increased automatically throughout the run 
until it reached the higher value. Subjects had therefore to adjust the speed of their movement con- 
tinuously during the run. Control subjects were given the 80 and 40 mm sine-wave conditions at the 
higher 1-5 Hz frequency; the patients were given these conditions at the lower 1-0 Hz frequency. 


TABLE 2. WAVE-FORM CHARACTERISTICS OF TRACKS USED IN THE STUDY 





Amplitude Length of test run 
on screen E 
Condition (mm) Frequency Cycles Time(s) 
Slow sine 125 0-17 Hz 8 48 
Slow sine sweep 125 0:17-0-50 Hz 18 60 
Fast sine 125 0-50 Hz 16 32 
Fast sine sweep 125 0-50-1-00 Hz 25 35 
V. fast sine ' Q5 1-00 Hz 32 32 
VV. fast sine 8 80 1:50 ог 1:00 Hz 24or 16 16 
VV. fast sine 4 40 1:50 ог 1-00 На 240г16 16 
Slow noise Approx. Approx. Approx. 50 
110 mm 0-17 Hz 6 
average average 
Fast noise Approx. Approx. Approx. 35 
110 mm 0-50 Hz 16 
average average 
Ramp 125 0-11 Hz 6 54 


Procedure 


Subjects sat squarely in front of a table with the display set at head height 560 mm away from its 
outer edge. The joystick was mounted so that it projected through a square hole 200 mm x 200 mm in 
size cut in the table top, and the subject positioned so that he could grasp the top of the lever securely 
with his arm resting on the table at the elbow. | 

Each control subject contributed test runs for each condition on at least two separate occasions. They 
‘always tracked the ramp before the 125 mm sine-waves, and this ‘block’ was either preceded or followed 
on alternate sessions by the noise tracks. Low frequencies always preceded high frequencies in all wave- 
forms. The sweep and 80 mm or 40 mm sine-wave tracks were always presented after the 125 mm sine- 
wave conditions. Usually one or two runs were made in each condition on each session. Total testing 
time was about an hour, with subjects allowed up to 60 s of practice at each condition before tackling 
the test run, a rest for 45-60 s between runs, and a rest of 4-5 min between each wave-form. 

Three patients contributed test runs on one occasion only, and did not perform on the sweep or 
smaller-amplitude sine conditions; the other 12 were tested on at least three sessions, and contributed 
at least four runs to their scores at each condition. For practical reasons the length and order of testing 
varied for different subjects on different days, but with the following constraints: subjects always per- 
formed on the noise tracks when they performed on the 125 mm regular tracks, and they always went 
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through the fast sine-waves whenever performing the 80 mm and 40 mm conditions or the sweep con- 
ditions. Only 9 subjects were tested on the 80 mm or 40 mm sine-waves. All subjects had performed 
previously on experiments with step wave-forms, and were therefore familiar with the control-spot 
dynamics. They were allowed to practise each condition before undertaking the test runs, and were 
allowed as much rest as they required between trials, with at least five minutes between wave-forms. 
Testing was stopped whenever the patient expressed tiredness or reluctance to continue. Test runs were 
stopped and discarded at any time when the patient's performance broke down during the period of 
the test run while the punch tape was running, except in the case of the fast-sine-sweep, where subjects 
were instructed to continue until told to stop by the experimenter (even if they did stop or lose synchrony 
for a time) so that their performance could be inspected on the UV record. 

No instructions or suggestions were given to the subjects as to the strategy they should adopt, other 
than telling them to try to keep the spot in line with the circle as closely as they could. 


Analysis of Results 

The punch-tape data was processed by computer with a cross-correlation program which calculated 
the root-mean-squared error for different time-displacements of the operator position compared to that 
of the target. This yielded three scores: (i) root-mean-squared error at delay zero, that is, normal RMS 
error score; (Н) average tracking lag or lead which gives the least mean-squared-error score, indicating 
the average tracking lag or lead of the subject; (iii) best error score, that is, error at the average lag/lead. 
Lag/lead was calculated to the nearest 80 ms ahead of or behind the target up to a maximum of 4-480 ms. 

The median value of the scores obtained from each subject in the various test runs he performed was 
taken as the representative score for that subject. The median seemed a fairer estimate of performance 
than the mean, since it is less affected by large errors on single runs; the rather more erratic parkinsonian 
performance is thus favoured in comparison with normal scores. Examination of the data for each 
subject showed that there were no consistent trends towards improvement or deterioration with 
successive trials; some patients improved on later sessions, others got worse, but most varied both 
ways 1n the course of their experience of tracking. Nor was there any reliable tendency for second or 
third runs within a session to improve (practice, learning) or deteriorate (fatigue, loss of concentration, 
etc.). 

Group mean and standard deviation scores were then calculated to give over-all group values. Two- 
tailed t-tests were used for comparison within subjects, and two-tailed variance ratios and Mann- 
Whitney U-tests used for comparisons between groups. 


RESULTS 


Frequency Response 

Fig. 1 shows root-mean-squared (RMS) error scores for the two experimental 
groups on the ten conditions tested. The Parkinsonian error scores are worse than 
the control scores on all five sine-wave tracks, and on the ramp track too (dif- 
ferences are significant at level of P<0-05 or better, although variances are 
greater in the Parkinsonian Group also in all but the 1-0 Hz and fast-sweep 
conditions, with F ratios significant at level P < 0-05 or better). On the fastest sine 
track (1-0 Hz) the Parkinsonian scores approach the level of error obtained when 
the subject holds the stick stationary and does not track at all. This ‘do-nothing’ 
error level is shown by the horizontal bar. It thus appears that these patients are 
worse than normals at generating regular sinusoidal movements to match a given 
target movement; their deficit is found across a range of frequencies and does not 
increase markedly as the frequency tracked increases, but by 1-0 Hz many of them 
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are doing no better than they would do by holding the stick still and doing 
nothing. 

Error scores for the slower noise condition show no reliable difference between 
the groups, while those for the faster noise track approach the ‘do-nothing’ level 
for both groups. Perusal of the individual median scores of the patients shows that 
only 6 of the 15 subjects' error scores fall more than one standard deviation above 
the Control Group average on the two noise tracks, while 11 and 10 respectively 
do so on the equivalent sine tracks (0-17 and 0-5 Hz). The difference between the 
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Ға. 1. RMS error scores. The graph shows mean and standard deviation scores for each group on the ten 
conditions of pursuit tracking tested. Ш — Controls @ = Parkinsonian patients. The horizontal arrowed lines 
indicate the ‘do-nothing’ error level obtained when the joystick 1s held stationary throughout the trial. 
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groups, therefore, is more pronounced for the regular sinusoidal and ramp tracks 
than it is for the irregular ones. Furthermore, the Parkinsonian subjects show no 
reliable improvement in error score when the slow or fast noise tracks are compared 
with the sine track of equivalent frequency, while a similar comparison for the 
Control Group shows a highly significant difference (sine error better than noise 
error at level of P «0-001 in both cases). This suggests that the Parkinsonian 
patient may be tracking the regular wave-forms at the same level as if they were 
irregular, that is, no better than if they were following them from moment to 
moment rather than generating the required shape of track spontaneously. 

Normal subjects tracking the 80 mm and 40 mm amplitude sine-waves at 
1-5 Hz have error scores well above the ‘do-nothing’ level. This appears to be the 
maximum frequency these relatively unsophisticated and unpractised subjects can 
track at all successfully, whatever the amplitude. Reducing the amplitude at 
1:0 Hz does not help the Parkinsonian Group either, so their deficit is also to 
a large extent independent of amplitude, and the ‘do-nothing’ level is reached at 
a lower frequency. 


Phase Lags 


The average tracking lag/lead found in the two groups by the cross-correlation 
procedure is shown in fig. 2 for the ten conditions. The Control Group tend to 
keep about 25-50 ms behind the target in all the regular conditions, and are 
substantially further behind when tracking noise, as one would expect. The lag 
on the faster noise track is on average some 35 ms less than the RT shown by these 
subjects on an acquisition task (Flowers, 1976). The Parkinsonian Group's average 
lag is greater in all conditions (differences cf. controls significant at level of 
P « 0-05 or better in all cases) indicating a less accurate matching, or timing, of 
the movement. Both groups, however, show a highly significant improvement in 
their lag on the regular tracks than on the noise tracks, so the patients are also 
able to use the regular nature of the sine and ramp wave-forms to reduce their RT 
lag to some extent. The smaller difference found on the faster frequencies may be 
an underestimate based on the fact that only trials where the subject matched the 
movement of the target for the 30-35 s period were used in the calculation ; subjects 
who get more than 300 ms or so behind on this condition tend to break down and 
stop completely, and the trial is therefore discarded. This occurred more often in 
the Parkinsonian Group than in the Control Group, 6 patients breaking down on 
a total of thirteen occasions compared to 4 normals stopping on five occasions. 

The error scores obtained after cross-correlation (the “best error’ scores) were 
compared in the same way as the initial RMS scores. All the relationships and 
differences were preserved after the cross-correlation procedure. Parkinsonian 
error scores were worse than control scores on all the regular tracks, and at 
1-0 Hz they still approached the ‘do-nothing’ level, although reduced by a certain 
amount. There was some suggestion that the difference between patient and normal 
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scores widened with increasing frequency, but this was not marked. The Parkin- 
sonian deficit in RMS error score on the regular tracks, therefore, is not explained 
solely in terms of increased tracking lag, since they still show a considerably 
increased error, compared to the controls, after this has been allowed for. 


Loss of Synchrony in Sine-wave Sweep 


As the frequency of target movement increases in the sweep condition, subjects 
lose the ability to keep up with it at the full amplitude and are forced to choose 


Average Tracking Lag/Lead (ms) 





0.11 0.17 Slow 0.50 Fast 1.00 1.50 1.50 1.00 1.00 Hz 
Ramp Slow Sine Fast Sume У. Равс 80mm 40mm 80mm 40mm Slow Fast 
Sine Sweep Sine Sweep Sine Sine Sine Sine Sine  Nolse Nolse 


Fic. 2. Average tracking lag or lead. The graph shows mean and standard deviation scores for each group on the 
ten conditions of pursuit tracking tested. B = Controls. 6€ = Parkinsonian patients. 
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between reducing the amplitude of their tracking action or losing synchrony with 
the target. At some point even those who reduce the amplitude of movement lose 
synchrony. Each subject in this study performed on four trials with the slow sweep 
(frequency increasing from 0-17-0-5 Hz in 60 s) and four trials with the fast sweep 
(frequency increasing from 0-5-1-0 Hz in 35 s and then from 1-00 to 4-00 Hz or 
more in another 35 s). The UV records were examined to see at what frequency 
` the subject's response lost touch with the target, how it broke down, and what the 
subject did after losing synchrony. The “break-down point’ was taken as either 
(i) the point at which the subject became one cycle or more behind the target, 
without re-synchronizing again at an amplitude of at least two-thirds the target 
amplitude (sometimes subjects lost a single cycle but picked up the target again 
and continued tracking adequately for several seconds longer); or (ii) the point 
at which the subject's response was reduced in amplitude to less than two-thirds 
of the target amplitude (again providing the response did not regain a reasonable 
amplitude later). As some subjects, especially in the Control Group, progressively 
reduced the amplitude of response to keep in time, the’ point at which they lost 
synchrony altogether was also noted. 

On the slow sweep, all the Controls and all but one of the Parkinsonian patients 
managed to keep up with the target movement fairly closely throughout the trial. 
On the fast sweep, Control subjects broke down in one or other feature of their 
response at about 1:42 Hz (median 1:32 Hz, mean 1:48 Hz, SD 0:59 Hz). The 
majority of them (9 subjects) reduced the amplitude of their response to keep in 
time with the target; 3 subjects sometimes reduced amplitude to keep in time and 
on other occasions kept amplitude but lost synchrony; and 4 subjects lost both 
at the break-down point, failing to match either characteristic of the target motion. 
The Parkinsonian patients lost touch with the target earlier on average (median 
frequency of break-down 0-97 Hz, mean 1-05 Hz, SD 0-37 Hz). Three patients 
reduced amplitude but kept synchrony, 2 kept their amplitude but lost synchrony 
and the other 7 lost both, tending to stop completely, or go into small steady 
oscillations at about the frequency of their break-down point, or make erratic 
movements unrelated to the target motion at all. The difference between break- 
down points in the two groups is significantly statistically (Mann-Whitney U — 47, 
P < 0:05). The data suggests that subjects in both groups break down on the sweep 
condition at about the same frequency at which their error approaches the 'do- 
nothing' level in the other sine-wave conditions (1-0 Hz and 1-5 Hz respectively 
for patients and controls). One difference between them is that controls tend to 
keep in time with the target motion (‘getting the rhythm’ is how many of them 
described it) though forced to reduce amplitude, while most of the patients lost 
synchrony as well as amplitude at the break-down point, thus losing the pattern 
of movement completely. This is confirmed when the frequency at which the 
response is lost altogether is calculated. The 3 patients who kept time beyond the 
break-down point only did so for 0-09, 0-22 and 0-59 Hz respectively, and the group 
frequency as a whole is hardly changed (median frequency of break-down is now 
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1-01 Hz, the mean 1-12 Hz and the SD 0-45 Hz). The 9 control subjects who keep 
in time beyond the break-down point, however, stay with the target for up to 
another 0-47 Hz on average, and the group frequency is substantially improved 
(median frequency of break-down 1-62 Hz, mean 1-73 Hz, SD 0-61 Hz). 


DISCUSSION 


Although sinusoidal movements are the easiest and most ‘natural’ movements 
a subject can be asked to make, Parkinsonian subjects appear to be abnormal in 
the way they generate them. Whether the motion is slow, with only gradual changes 
in rate or direction, or fast and rapidly-changing, error scores indicate that the 
Parkinsonian's accuracy of matching the target movement is considerably worse 
than normal. The difference is only partly one of increased tracking lag, since when 
this is accounted for, the error scores of the patients are still significantly greater 
than those of the Controls. It is also not just a feature of large amplitude move- 
ments, since there is little improvement on the smaller amplitude conditions of 
80 and 40 mm. It seems, therefore, that parkinsonism affects the ability to produce 
'smooth continuous action as well as individual movements. 

Surprisingly, perhaps, the difference is greater for the regular tracks than it is 
for the more usual pseudo-random unpredictable 'noise' tracks, although the 
patients are notably slower on the latter. This may be because the particular 
advantages of predictive control from an ‘internal model’ are not as apparent for 
the irregular condition, and so the Controls cannot improve their performance 
on this basis compared with the patients. 

Learning does not seem to play much part in the patients' performance, since 
as many of this group obtained worse scores in later trials as obtained better ones. 
Testing sessions were usually a week or so, and sometimes several months apart, 
so it is unlikely that any great learning effect took place in any of the subjects 
tested here. (Other effects, such as transfer, fatigue or deterioration in the subject's 
condition may have interacted with practice effects to obscure them, but there were 
no signs of consistent changes due to these either.) Whether prolonged practice 
would allow the patients to improve to any great extent is impossible to say, but 
certainly the patients lack the normal ability to match a given target movement in 
terms of its amplitude and frequency within a minute or two of tracking it. Previous 
work (Flowers, 1976) which found no improvement in individual aiming move- 
ments with practice, suggests that even prolonged practice may not be of benefit 
to these patients. 

With an amplitude of 125 mm across the screen viewed at a distance of 560 mm, 
the target moved through a visual angle of 12? 44' and thus almost certainly 
required movement of the eyes to follow it. One possibility is that the Parkinsonian 
patients were deficient in their visual tracking of the target, which would make it 
difficult for them to control their manual tracking. The possibility was checked 
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in 4 subjects with electro-oculography, and no deficits in the patients' eye-tracking 
was found. (This will be reported separately later.) The manual tracking abnor- 
mality in these patients, therefore, is not likely to be due simply to their not being 
able to see the track clearly. This agrees with previous studies (Jones and De Jong, 
1971). 

Another difference between the Control and Parkinsonian subjects appeared on 
the sweep conditions, in the ability to keep in rhythm with the target, even where 
the amplitude was not matched. Most of the Parkinsonian subjects broke down 
completely once the frequency reached 1:0 Hz, while the Controls managed to 
generate a movement of some kind beyond the 1-5 Hz point where they reduced 
the amplitude of response below two-thirds of the target amplitude. Thus for 
normals, the average point of de-synchrony occurred where each movement (half- 
cycle) took about 338 ms (the one-third-of-a-second duration where movements 
become ballistic in normals), but the point of complete break-down only occurred 
where each movement took 289 ms. This is about the duration where individual 
aimed movements at this amplitude become wildly inaccurate (Flowers, 1976, 
fig. 13). Control subjects can therefore generate continuous action of roughly the 
right frequency well beyond the rate at which individual movements are too fast 
to be corrected during their progress. Presumably with practice the accuracy can 
be improved until it approaches the highly-skilled performance of the other studies 
cited above. The point of break-down in the Parkinsonian Group, however, is only 
marginally beyond the point of de-synchrony for these patients (450 as against 
476 ms per movement) and this also corresponds to the duration at which aimed 
individual movements become grossly inaccurate (Flowers, 1976, fig. 13). It is 
only 50 ms faster for each movement than the average duration of movements 
executed ‘open-loop’; that is, with visual information removed while the arm is 
in motion. 

For the Controls, spontaneous generation of movement from information 
stored internally rather than directly from the display allows subjects to reduce 
their time-lag and to produce a smooth rather than jerky action, so that they come 
to match the target motion instead of following it. It also allows them to keep up 
with higher frequencies of movement than it is possible to follow directly. The 
evidence presented here suggests that Parkinsonian patients have lost at least two 
of these advantages. Their matching of the target is less good at all frequencies 
than the Controls, and they cannot continue when the target frequency reaches 
the point where movements become ballistic. They do, however, show evidence of 
reduced tracking lag on the regular tracks compared with their lag on the irregular 
ones, and their over-all lag is somewhat less on the noise condition than their 
previously measured RT for individual movements. Since the latter is also true 
of the Controls, it is clear that even the ‘noise’ task allows subjects to use some 
short-term predictive element in their tracking (Cassell et al., 1973) exploiting the 
fact that the irregular motion is not entirely random (very high frequencies are not 
included as they make tracking impossible). The sine and ramp conditions allow 
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even more for this kind of prediction, perhaps in the form of extrapolation from 
ongoing movements (Bartlett, 1951; Poulton, 1952). Parkinsonian patients may, 
therefore, have retained the ability to include some short-term prediction in their 
performance, although not to the same extent as the Controls. Maybe this is 
because the Controls can work from a more powerful long-term prediction of the 
over-all pattern of motion, which enables them to prepare their actions well in 
advance of events. (This also gives them another advantage, namely the ability 
to continue tracking appropriately over at least short periods independently of 
sensory input, as, for example, if the input is temporarily interrupted ; an investiga- 
tion of this is reported later.) 

While the Parkinsonian subjects are less accurate in matching continuous move- 
ment at all frequencies, therefore, they appear to have particular difficulty in 
producing continuous movement of any kind, when this must be done spon- 
taneously, or by 'internal control with only infrequent corrective monitoring. 
As suggested by Stark (1968) they have lost the ability to control voluntary move- 
ments *open-loop' and thus show the characteristics and limitations of a 'closed- 
loop' system. The deficit appears even at slow rates of movement, where the 
accuracy with which they can match a sinusoidal target motion is low, mirroring 
their clumsiness and lack of co-ordination in everyday life. But it appears even 
more acutely as the required speed of movement increases, and reaches a.critical 
point where a series of movements must be generated more or less as a unit. 
That they cannot then produce a movement of any kind, even roughly accurate, 
suggests that these patients are deficient in some internal model of their own 
actions from which to generate movement spontaneously and to control it 
predictively. 
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SUMMARY, 


Subjects were tested on a pursuit tracking task using an oscilloscope display and 
joystick control. The target moved horizontally across the screen in three wave- 
forms: a sine-wave of 125 mm amplitude, a constant-velocity ramp of 125 mm 
amplitude, and an irregular ‘noise’ pattern witha maximum amplitude of 110 mm. 
Results showed (1) RMS error scores for the 15 Parkinsonian subjects were greater 
than those of the 16 Control subjects at all frequencies of sine-wave (0:17-1:0 Hz), 
and at the highest frequency they approached the level where they were no better 
than holding the joystick still and not tracking at all. Error scores on the ramp 
track (0-11 Hz) were also greater than Control scores, but those for the irregular 
movement were not noticeably larger ; (2) with cross-correlation analysis of subject 
and target movement, there was a greater average tracking lag in the Parkinsonian 
Group than in the Controls in all conditions; but even correcting for this, the error 
scores of the patients were still much greater, and still approached the ‘do-nothing’ 
level at the highest frequency; (3) Parkinsonian subjects, unlike Controls, showed 
little or no improvement in error score for the regular wave-forms as compared 
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with the irregular ones, indicating that they tend to track sine-waves as if they are 
unpredictable irregular tracks; (4) reducing the amplitude of the sine-wave to 
80 or 40 mm did not lead to an improvement in tracking; the Parkinsonian error 
score was still greater than the ‘do-nothing’ level at 1-0 Hz. This, and the fact that 
as frequency increased on a sine-wave sweep these subjects lost synchrony with 
the target earlier than did the Controls (that is, at a lower frequency), indicates 
that they have particular difficulty in generating smooth continuous movement of 
all kinds, large or small, at more than a moderate rate. 

These results are interpreted as suggesting that Parkinsonian subjects have, 
apart from their increased reaction time lag, a deficit in the strategy of movement. 
That is, they have difficulty in generating continuous regular movements spon- 
taneously, and seem to lack a dynamic ‘internal model’ of their own movements 
from which to control them predictively. 
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LACK OF PREDICTION IN THE 
MOTOR BEHAVIOUR OF PARKINSONISM 


by KENNETH FLOWERS! 


(From the MRC Brain and Perception Laboratory, University of Bristol Medical School, 
: Bristol BS8 ITD) 


INTRODUCTION 


A MAJOR, component of normal skilled movement is prediction. In a previous 
paper (Flowers, 1978a) it was suggested that normal subjects use prediction as 
much as possible in controlling their behaviour, especially in perceptual-motor 
skills. Subjects were described as building an ‘internal mode!’ of the external world, 
from which they can generate predictive hypotheses of future events, and as using 
these predictions in the immediate control of behaviour (Gregory, 1970). They use 
sensory information to build up their model and to trigger off predictions, rather 
than to initiate responses directly (except where prediction is impossible). Working 
this way enables them to circumvent the handicap of their reaction time, and also 
to continue appropriate actions in the absence of sensory data—if their predictions 
are correct. Inaccurate predictions may lead subjects to make greater errors than 
would occur with a strategy of direct response to the sensory input. These charac- 
teristics were demonstrated in 16 subjects performing three simple pursuit tracking 
tasks. 

This report describes the tracking behaviour of two: groups 'of subjects with 
neurological disorders of movement (Parkinson’s disease and intention tremor of 
various kinds), and investigates the degree to which they show predictive control 
in initiating and controlling their actions. Previous work with these patients has 
shown that Parkinson’s disease affects the patient’s ability to produce pre- 
programmed ‘ballistic’ movements when aiming at a stationary target point, and 
also to generate smooth continuous movement over a wide range of frequencies 
(Flowers, 1975, 1976, 19785), suggesting that this may represent a lack of prediction 
in the control of the subject’s own movements. Do these patients also lack the 
normal tendency to predict future events in the external world to which they must 
direct their actions? The tremor group, who have considerable difficulty in con- 
trolling their own movements, but who show a normal predictive element in their 
aiming, were tested as a comparison group. Two features of predictive control 
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were investigated, the ability to continue appropriate actions when sensory 
information is temporarily removed (Experiments 1 and 2), and the tendency to 
prepare actions in advance (Experiment 3). 


EXPERIMENTS 
(1) Tracking through Gaps in Sensory Data (Ramp Pattern) 


In this experiment, subjects were required to track a target moving continuously across a screen in 
a regular pattern. The target was made to disappear for two-second intervals, and the operator's strategy 
during these ‘data gaps’ was recorded. Sometimes the target continued in the same direction throughout 
the data gap, and sometimes it reversed its direction. Where gaps occurred, therefore, subjects could 
only make consistently appropriate movements to stay close to the target if they could predict where it 
was going to move in the next few seconds. A definite change or continuation of the tracking action was 
required over a period of at least four normal reaction times. Twelve out of 16 normal subjects tested 
previously had shown a tendency for predictive control on this task, in that they produced a continuous 
movement in one direction or the other during the gaps (that is, they did not usually just stop or move 
the control lever at random during the gap period); after some practice their predictions were mostly 
accurate, and their tracking became more efficient than it would have been if based on a direct following 
strategy (Flowers, 1978a). In this study the normal subjects were regarded as a Control Group against 
which to measure the performance of the patients. 

Method and apparatus. An oscilloscope display and joystick control were used for the tracking task. 
Details of these have been given elsewhere (Flowers, 1976, 1978a). 

Data gaps were produced by z-modulation of the oscilloscope beam. They were triggered each time 
by the experimenter with a push-button switch, and were put in the appropriate test runs at one point 
in each cycle in a standard irregular sequence for each run. Only the target marker was blanked, the 
subject's response spot remaining visible all the time. 

Tracking was recorded on a UV recorder (SE Laboratories (EMT) type 3005/DL) with three traces, 
one each for target and subject movement, and the third to indicate marker disappearance. 

Subjects. The Parkinsonian Group comprised 10 subjects, 6 men and 4 women, all outpatients with 
two or more years' history of the disease. Their ages ranged from 39 to 75 years with a median of 63 
and a mean of 62:2 years. None of them had more than a moderate degree of the classical parkinsonian 
symptoms (tremor, rigidity and bradykinesia) and none had any sensory loss. They were all mobile 
and socially 1ndependent. Three patients were still working, one was prematurely retired because of 
a speech difficulty and 6 were past retirement age. 

There were 8 subjects in the Tremor Group, 2 men and one woman with intention tremor associated 
with multiple sclerosis, and 5 men with idiopathic or essential tremor, from which they had suffered 
for two years or more. Their ages ranged from 38 to 70 years with a median of 57 and a mean of 56-4 
years. Two were confined to wheelchairs, and all had some degree of social disability. Three patients 
were still working, 3 were past retiring age, one was a housewife and one was retired early on a disability 
pension. All essential tremor patients had an anti-gravity resting tremor of 5-6 Hz which persisted 
during voluntary movement. The 3 subjects with multiple sclerosis showed a mild to moderate cerebellar 
action tremor on both sides, although often more marked on one side. All the subjects in this group 
complained of difficulties in holding their hands steady (as with a cup and saucer) and in fine manipulative 
tasks such as writing, typing, putting a key in a lock or using a screwdriver. 

The 16 (paid) Control subjects were drawn from the cleaning and portering staff of the University, 
except for one who was a University lecturer (for Experiment 3 there were 2 additional men and one 
woman drawn from the non-academic staff of the University). Their ages ranged from 34 to 72 years 
with a median of 59-5 and a mean of 57-3 years. 

Target movement. The target movement to be tracked was a constant velocity ramp which moved 
horizontally to left and right across the screen at a rate of 25 mm/s. Each cycle of fifteen seconds com- 
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prised a ‘long’ movement of 125 mm across the screen and back (lasting 5 s each) and a ‘short’ movement 
of 62:5 mm across the screen and back (taking 2:5 s each). This pattern is shown in fig. 1. 

Procedure and instructions. Four patients in the Parkinsonian Group had had some experience of 
pursuit tracking tasks some months prior to tackling this test (four sessions or more); 2 patients had 
performed once before. The other 4 patients had not been tested previously; these were given half-an- 
hour's practice in tracking step, ramp and sine-wave forms before tackling the test patterns. The Tremor 
Group had all been tested on two sessions or more before this one, but 6 of them had not been seen 
for a year previously, and they were given a similar practice period before the test trials. 

All patients were first shown four cycles or more of the target movement with instructions to watch 
its movement and try to work out its pattern; if necessary they were given some hints and leading 
questions (short of actually describing the pattern directly) to draw their attention to the long-short- 
long-short shape of the track, and up to four cycles more to watch. All the patients claimed within this 
time to see the pattern of target movement, but 3 subjects in each group failed to describe it clearly. 
These subjects were asked about the track at the end of each trial, but did not improve their description 
of it; they were not prompted any further after the initial attempts. 

Subjects were then told to track the target circle with the marker spot, trying to keep the spot ‘inside 
or as close to the circle as possible all the time' and were given an initial test run of four cycles lasting 
sixty seconds with the target visible all the time. 

Subjects were then shown the target disappearing for two-second periods whilst in molon and 
told ‘when the target disappears from view you have to guess where it is moving, and move the spot 
where you think the target is. The target continues to move all the tıme during the gap; the only difference 
is that you cannot see it—like a car going behind a house or an aeroplane going out of sight behind 
a cloud. If you guess correctly your spot should still be near the target when it re-appears'. They, were 
given a practice run with four gaps, two of each kind to be presented in the test runs. On three subsequent 
test runs the target was visible for an initial ‘orientating’ cycle, and was then blanked out for two-second 
periods at some point on each of the next four cycles. On two occasions the circle was blanked out when 
it reached point A 1n fig. 14, that is, in the middle of the large amplitude section of the pattern (‘middle’ 
gaps); on the other two occasions it was blanked out at point B in fig. 1a, that is just before it reversed its 
direction on the small amplitude section of the pattern (‘reversal’ gaps). The target thus disappeared at 
about the same point on the screen every time, with the target always moving in the same direction 
at the same speed (that is, the sensory information was the same in all cases). But the correct movement 
to make during the gap was contingent on what point ofthe track had been reached ; on half the occasions 
the correct action was to continue the movement ın the same direction at the same speed, while on the 
other occasions the correct response was to stop at some point and begin a new movement in the opposite 
direction. On the fourth test run the target was blanked out at points A and B on every cycle, so the 
subject never saw the target at the 'choice point' in the centre of the screen after the initial orientating 
cycle. There were thus ten gaps at each point for each subject over all, two in each of three test runs 
and four in the last run. Subjects' records were examined for evidence of the ability to distinguish the 
two directions of target moverent during the data gap, and to generate appropriate movements. 


Analysis of results. When the target blanks out during a pursuit-tracking task, 
subjects may show one of several reactions. Until the target reappears, they may 
(1) continue to move in the same direction as at the moment when the gap started 
(‘inertia’ reaction—see fig. 14 and B); (2) stop, either immediately or after one 
reaction time or more (‘stop’ reaction— see fig. 1C); (3) move the stick to and fro 
at random, or with no apparent consistent direction or pattern of movement 
('random' reaction—see fig. 1D); (4) move, or continue to move, according to 
some definite plan or principle—in this case at the ‘reversal’ gaps, reversing the 
direction of movement at some point, and then continuing in the new direction 
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Fig, la, Parkinsonian Subject 10), ‘inertia’ reactions. Dotted line = target. Continuous line = subject. The 
track runs from left to mght ‘Short’ sections measure 62 mm in each direction, and take 2 5 s each. ‘Long’ sections 
measure 125 mm and last 5 s. The continuous line under the tracks indicates the occurrence of two-second data 
gaps, where the target disappears from view (while still moving). A = beginning of ‘middle’ data gap. В = be- 
ginning of ‘reversal’ data gap. In both cases this subject continues to move in the same direction throughout 
the gap as at the moment when the target disappeared. This reaction, which is the most common one found in 
Parkinsonian subjects, is correct for ‘middle’ gaps, but wrong for ‘reversal’ ones. In the latter case it generates 
a large error after two seconds which 1s quickly corrected when the target re-appears. 





Fic. 15, (Parkinsonian Subject 10), ‘stop’ reactions. Details of track as in fig. 14. Another frequent reaction 
of these subyects during gaps is to stop, either after about one reaction time (‘middle’ gap) or gradually over 
a second or so ('reversal' gap). 





Ето. 1c, (Parkinsonian Subject 3), correct ‘predictive’ movements. Details of track as in fig. 14. In these cases the 
subject makes the correct movements during the data gaps, albeit with a distinct pause before doing so. 





Fic. 1р, (Parkinsonian Subject 3), incorrect ‘predictive’ movements. Details of track asin fig 1a Often Parkin- 
sonian prediction 1s not consistently appropriate. The same subject as in fig. 1С later guesses incorrectly which 
way the target 15 moving. 
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Fic. 18, (Tremor Subject б), ‘reversal’ reactions. Details of track as in fig 14. The most common reaction in 
the Tremor Group is to reverse the direction of movement during the data gap. Here it is appropriate for the 
‘reversal’ gap but not for the ‘middle’ one. 





Га. lr, (Tremor Subject 6), ‘stop’ reactions. Details of track as in fig. l4. Despite his severe tremor, this 
subject 1з able to match the ramp movement closely when it 18 visible. When the target disappears, a frequent 
reaction of this subject is simply to stop. Tremor subjects are better than Parkinsonian ones at predicting the 
target course with the target invisible, but not as good as normals. 





E 
Fic 19, (Tremor Subject 8), ‘random’ reactions. Details of track as 1n fig. 1А. Again this subject can follow the | 
target movement very closely when it is visible, but shows signs of uncertainty in directing his movement when 
the target disappears, moving the spot to left and right more than once during the gaps. Even where they fail 
to predict, or predict wrongly, Tremor subjects rarely just drift on during gaps as Parkinsonian subjects do, 


consistently until the target re-appears (‘reversal reaction— see fig. ІА and С); 
(5) move to the centre of the screen and stop there; (6) move towards the point, 
or in the direction, which is most probable from the past behaviour of target (i.e. 
extract some probability of future movement from past experience statistically); 
(7) reproduce the movement which was correct on the last occasion that the target 
was at this point—in this case therefore, making a response that was consistently 
wrong, not a random movement but an incorrect prediction (see fig. 18). 

Any of these strategies may be rational, its correctness contingent on the move- 
ment of the target. Subjects’ movements were classified into these categories from 
the UV records. Examples of each category found here are shown in fig. 1. Mann- 
Whitney U-tests, two-tailed, were used to compare scores between groups. 
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Results and discussion. As in the previous paper (Flowers, 1978а), all the subjects’ 
movements during the gaps have been classified into Categories 1, 2, 3 or 4, since 
no examples of Category 5 were found; Category 6 is only applicable to ‘noise’ 
tracks, and Category 7 must be inferred from consistently inappropriate move- 
ments in Categories 1 and 4. The number of movements falling into each category 
for each subject are shown in Table 1, listing subjects in descending order of 
accuracy. It also includes the Control averages found previously in 16 normal 
subjects of roughly the same age and background. 

In this Table, ‘middle’ gaps are those occurring in the middle of the large ampli- 
tude section of the track (see fig. 1A starting at A); and the appropriate response is 
to continue in the same direction throughout the gap (Category 1). ‘Reversal’ gaps 
are those occurring at the end of the small amplitude section of the track (starting 
at B), where the appropriate action is to reverse the movement and come back in 
the opposite direction (Category 4). As can be seen from the Table, the median 
number of correct actions in the Parkinsonian group is only ten out of twenty 
over-all, and on the final test run only four out of eight. Both these distributions 
are significantly worse than the Controls’ (for all reactions: U = 38, P < 0:05; for 
final run only: U = 35, P<0-02). Of the 10 subjects in the group only 2 showed 
‚ а consistent ability to distinguish the correct movement in the two kinds of data 
gap. The predominant reaction in the other patients was Category 1, that is, to 
continue moving in the same direction throughout the gap as at the moment when 
the target disappeared—the 'inertia' response. They thus manage quite well on 
the ‘middle’ gaps, but rarely match the target movement on the ‘corner’ gaps 
(which means that their performance on the ‘middle’ gaps may be fortuitously 
good rather than deliberately so). Otherwise their reactions fall mostly into 
Categories 2 or 3 (suggesting that subjects are not producing any positive move- 
ment) rather than Category 4 (a false prediction). 

The Tremor Group performance is not as good as that of the Controls (median 
correct movements 14-5 out of 20 over all and 7 out of 8 on the last trial), but 
this is due to a low score by 3 of the subjects, who made most of the errors in this 
group. As a whole the group did not differ from the Controls, and were better 
than the Parkinsonian patients (for all reactions: U = 16:5, Р< 0-05; for final 
run only: U = 17:5, which is not quite significant). Of the 3 subjects with low scores 
on the final run, one subject showed Category 1 errors on ‘reversal’ gaps and one 
subject showed the opposite, that is, Category 4 errors on *middle' gaps. The other 
subject's reactions fell mostly into the 'uncertain' Categories 2 and 3. Where 
these subjects make errors, therefore, they tend to be false predictions of one kind 
or another more often than indecisive movements. 

Although the two Parkinsonian subjects with the best (normal average) scores 
were among the youngest of these patients, there was no reliable correlation of 
performance with age in this group (Spearman r, — 0-277 n.s.). None of the subjects 
were notably deteriorated, and all were outwardly alert, orientated, mobile and 
(except one) cheerful. All of them could describe the task and instructions, and 
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6 of the 8 who scored badly had described the pattern correctly and outlined it on 
the table with a finger before they started. Most, too, were aware of their difficulty, 
making comments such as 'I lose it when it disappears’ or ‘I can’t guess it if I can't 
see it.’ That they often continued some movement during the gap, shows that they 
were not just distracted by the sudden disappearance of the target, or ‘frozen’ in 
their response. Rather it seems that they cannot generate continuous movement 
according to some internal ‘model’ of the external world, although they are able 
to follow a moving target when it is visible. 

Three Parkinsonian and 2 Tremor patients who had not described the track 
pattern clearly before the test sessions, and who had scored badly on the test, were 
afterwards given a demonstration of the track with a direct description of it, and 
were then re-tested with data gaps. One of each group subsequently produced 
a more accurate performance (seven out of eight movements during gaps correct) 
but the others still made the same kind of errors as before. 


(2) Tracking through Gaps in Sensory Data: Sawtooth Tracks 


A similar test was carried out on the subjects of Experiment 1 with a sawtooth-shape track where, 
again, the subject had to make two distinctly different movements during gaps at different points on 
the track. : 

Method and apparatus. Subjects and instructions in this experiment were the same as in Experiment 1. 

Target movement. The target moved from right to left across the centre of the screen at a rate of 
31 mm/s for four seconds, and then returned ш one steplike movement back to the starting point on the 
right for the next slow sweep across the screen. The track pattern is shown in fig. 2. 

Procedure. Subjects were first shown four to six cycles of tbe track pattern and told to note the way 
it moved. Then, after a single eight-cycle practice run, two initial test runs were made with the target 
visible all the time, each of eight cycles (32 s). On the two subsequent test runs of sixteen cycles, gaps 
of two seconds each were put in at irregular intervals at each of two points on the track: (a) ‘middle’ 
gaps at point A in fig. 2A; that 15, in the middle of the steady ramp movement to the left; and (b) ‘corner’ 
gaps at B in fig. 24; that 1s, at the end of the ramp, so that the target jumped back to its starting point 
during the gap. There were four gaps of each kind in each sequence, making sixteen in all. Again, then, 
subjects had to make two distinctly different movements during different gaps; either a steady smooth 
movement in the same direction throughout the gap or a sudden forceful (ballistic) movement in the 
opposite direction at some point during the gap. 


Analysis of results. The subjects’ UV records were again examined to see if they 
could distinguish consistently between these two reactions. Movements made 
during each data gap were classified as in the previous experiment. Examples of 
the categories found in the performance of these subjects are shown in fig. 2. 


Results and discussion. The pattern of this track is simpler than that of the ramp, 
and the distinction between the two required kinds of action during the data gaps 
clearer. But the Parkinsonian subjects still have the same difficulty in making 
appropriate movements although they all appeared to notice the characteristic 
shape of the track. Table 2 shows the scores for each patient on the two test 
sequences, listing them in the same order as for Experiment 1. The median 
Parkinsonian score of 9-5 out of 16 is significantly worse than the Controls 
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Fic. 24, (Parkinsonian Subject 2), correct ‘predictive’ movements. Dotted line — target Continuous line = 
subject, The track runs from left to right. Each horizontal sweep measures 125 mm in extent and lasts four seconds. 
The continuous line under the track indicates the occurrence of two-second data gaps when the target disappears 
from view (while still moving). A = start of ‘middle’ gap. B = start of ‘corner’ gap. This subject manages to follow 
the movement of the target fairly closely through both kinds of data gap, distinguishing between the two different 
movements to do so. The record also shows a tendency for the subject to track by intermittent corrections rather 
than with a smooth constant velocity movement, whether the target 1s visible or not. 
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Fic 25, (Parkinsonian Subject 10), ‘inertia’ reaction. Details of track as m fig. 24 On this track again, as оп 
the ramp, the most common action during data gaps is to continue the ongoing movement through the whole 
of the data gap period, until the target re-appears. Most errors by this group, therefore, occur at ‘corner’ gaps, 
when a definite reversal of movement ıs required. This subject shows an intermittent tracking response in general, 
and the return movements at the end of the sweep are of the slow ‘non-ballistic’ kind typical of these patients, 
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Fic. 2c, (Parkinsonian Subject 9), ‘stop’ reaction. Details of track as in fig. 24. Here the subject waits at the point 
reached one to two reaction times after the start of the gap, until the target re-appears. 


v 





Fic 2p, (Parkinsonian Subject 9), ‘random’ reaction. Here the subject shows an indecisive pattern of movement, 
changing direction several times during the data gap. 
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Fic 2g, (Tremor Subject 6), ‘stop’ reaction. Details of track as in fig. 2a. In this group, too, most of the errors 
occurred at ‘corner’ gaps, with the most common error being the tendency tostop moving until the target re-appears. 
When following the visible target, return movements are ballistic as in normals. 
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Fic. 2r, (Tremor Subject 8), interrupted ballistic movement. Details of track as in fig 2a. Occasionally Tremor 
subjects make a movement of the right kind, but not of the nght amplitude (as with their arming movements at 
a stationary target). When the target re-appears, their tracking performance returns to normal, albeit with a ' 
superimposed tremor. 


(U = 35:5, P < 0:02). Again most of the errors occur on the ‘corner’ gaps where 
a positive reversal of the movement is required. The most frequent error here is 
the ‘inertia’ reaction, continuing the movement until the target re-appears. Almost 
all the rest fall into Categories 2 and 3. The Tremor Group have about the same 
. Score as on the ramp (median 12-5 out of 16) which is not significantly different 
from the Controls (U = 44, n.s.) but which is not decisively better than the Parkin- 
sonian Group either (U = 24-5, n.s.). Errors are evenly spread between the 
categories, with relatively few in Categories 1 and 2 in contrast to the Parkinsonian 
Group. 

Many of the Parkinsonian subjects show an intermittent following response with 
the target visible, as if working in an error-correcting mode all the time, and their 
return movements show the slow, non-ballistic characteristic found in previous 
experiments (Flowers, 1975, 1976), especially in those return movements made with 
the target invisible. The Tremor subjects, on the other hand, mostly produce 
typical ballistic return movements, and their general tracking performance shows 
evidence (apart from the high-frequency tremor) of a rate-matching type of move- 
ment for periods of a second or more (fig. 2). 
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(3) Surprise Steps 

Subjects performing an acquisition tracking task, where the target jumps from point to point on the 
display, appear at first sight to be following the target in an error-correcting mode very like a closed-loop 
servo-mechanism. It is not difficult, however, to show that they are in fact predicting the movement, if 
the target is moving according to an identifiable sequence. If the sequence is changed so that an un- 
expected jump occurs, many normal subjects will make entirely the wrong response altogether; otherwise 
their actions may show reliable evidence of being different from those that went before. This was found 
previously with the Control Group. The two Patient Groups were tested similarly to see how they 


compared. 
Method and apparatus. These were the same as 1n the previous experiments. 


Subjects. These were the same as before except that one Parkinsonian patient was not tested on this 
condition. 


Target movement. The target moved in a step function from the centre of the screen alternately out 
to points 80 mm to the left or right, and back again, staying at each point for about three seconds. The 
sequence of movement was thus centre-left-centre-right-centre . . . etc. in discrete jumps. This is shown 
in fig. 3. 

Instructions. Subjects were told to track the target circle with the marker spot, acquiring it as quickly 
as possible when it jumped, and then keeping the spot inside the circle until it moved again. They were 
not encouraged to anticipate the jumps, nor were they specifically told that the target movement was 
a simple pattern, nor that there would be an unexpected target movement at any point (this was checked 
by asking subjects afterwards whether they were surprised at the first ‘false jump’—all said they were). 


Procedure. There was no practice run as such, but each subject performed for between nine and twelve 
cycles after they had settled down and begun to acquire 'the target reasonably quickly (this always took 
place within two cycles). They were then presented with a 'false jump' where the target moved to the 
right when, according to the sequence, it should have moved to the left after returning to the centre point. 
This was followed by another jump to the right and back, and then a ‘regular’ cycle (to left and right), 
after which another ‘false jump’ to the right occurred. The next cycle was regular; on the next a third 
‘false’ move was made; and finally came a last regular cycle. 


Analysis of Results. Reaction times for the start of each acquisition movement 
were measured off the UV recorder traces to the nearest 10 ms. Two-tailed t-tests 
were used to compare reaction times at different points in the sequence. 


Results and discussion. Mean reaction times, together with their standard 
deviations, for the cycle prior to the first false jump and onwards, are given in 
fig. 4 for the Pàrkinsonian Group and fig. 5 for the Tremor Group. Fig. 4 shows 
that the mean Parkinsonian reaction time for outward jumps just prior to ЕЛ 
is some 10-20 ms faster than that found to initiate a move in previous studies with 
a step-tracking task. Reaction times for return movements are some 25-30 ms 
faster still. In these respects the Parkinsonian subjects resemble Controls, although 
their decrease in RT latency is somewhat less than normal. At the first 'false jump', 
however, only 3 of the 9 patients show any sign of moving in the wrong (predicted) 
direction rather than following in the correct but unexpected one. Of these 3 cases, 
moreover, one is dubious, the movement being very short in both amplitude and 
duration (see fig. 3c, р). The duration of all these false moves is much shorter than 
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Fic. ЗА and 33, (Parkinsonian Subjects 10 and 2), movement in unexpected (correct) direction. Dotted line = 
target Continuous line = subject. The track runs from left to mght. Each jump lasts about 3 s, and measures 
80 mm in amplitude on the screen. A = outward move to left on cycle prior to first ‘false jump’. B = outward 
move to right on cycle prior to first ‘false jump’ FJ = ‘false jump’, where the target moves to the right, when 
according to the cycle ıt would be expected to move to the left. Most Parkinsonian subjects follow the actual 
(unexpected) target direction at FJ, without any notable increase in reaction time at this point, indicating that 
they are probably not predicting the target movement as normals do. 





Fic. 3c and 3p, (Parkinsonian Subjects 8 and 3), movement in predicted (but wrong) direction. Details of 
track as 1n fig ЗА. These subjects show an initial move in the wrong direction, similar to that found ın many 
normals The movement in the expected-but-wrong direction 1s very short and quickly corrected, however, in 
contrast to the usual rather long reaction time shown by these patients to initiate movements to acquire a target 





Fia. ЗЕ and Зв, (Tremor Subjects 7 and 5), incorrect and correct movements. Details of tracks as in fig ЗА 
The first subject makes an incorrect move at FJ, quickly corrects ıt and then acquires the target in the normal 
way The second subject makes a correct move at FJ, but only after a reaction time somewhat longer than on 
previous cycles. 


E 
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their usual reaction time, and shorter even than the correction time for normals. 
The other 6 patients in this group respond in the unexpected direction with a 
reaction time only some 30 ms slower on average than that for the outward move- 
ments of the previous cycle (see fig. 3A, B and fig. 4). Although this increase in the 
‘true’ reaction time is statistically significant (see fig. 4), the maximum increase 
compared to the previous cycle is only 50 ms. 
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FiG 4 Parkinsonian reaction times for movements in Experiment 3 L= outward movements to the left 
В = outward movements to the right. Unmarked points indicate movements back to the centre. The graph 
shows mean and standard deviation values for RTs at each jump (9 subjects; except at the first false jump ЕЛ, 
where 6 subjects make a ‘true’ move and 3 make a ‘false’ move--correction) Wi = scores at false jumps. А == 
correction time (Cor. T) for those subjects who make an initial false move. The dotted horizontal line at 295 ms 
represents the mean outward RT values for the cycle prior to the first false jump. ж = mean RT at this point 
greater than equivalent RT at point A at level of P < 0-02, two-tailed. No other comparisons are significant 


After this initial surprise step, there is no general increase in mean reaction time 
to outward jumps as occurred in the other groups, and the reaction times (RTs) 
of these patients at the second and third false jumps tend to be shorter than before 
(fig. 4). There is, in general, no evidence that these patients were caught by surprise 
as were normals at the points on the track where the sequence was changed; 
although this makes the Parkinsonian Group appear superior to the controls in 
their tracking, it really indicates that they lack the normal tendency to predict 
events and to respond according to these predictions. 
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Fic. 5. Tremor reaction times for movements ш Experiment 3 L == outward movements to the left. R = out- 
ward movements to the right. Unmarked points indicate movements back to the centre. The graph shows mean 
and standard deviation values for RTs at each jump (8 subjects; except at the first false jump FJ1, where 4 subjects 
make a ‘true’ move and 4 make a ‘false’ move-++correction) W = scores at false jumps. A= correction time 
(Cor. T) for those subjects who make an initial false move. The dotted line at 260 ms represents the largest mean 
outward RT values for the cycle prior to the first false jump. ж = mean RT at this point greater than equivalent 
RT at points А or B at level of P < 0:05, two-tailed, or better 


The Tremor Group perform much more like the Control subjects on this con- 
dition (fig. 5). Their initial reaction time is on average some 40 ms faster than that 
for initiating aiming movements; half of them make a distinct move in the wrong 
direction at the first ‘false jump’ (fig. 3E) and correct it about one reaction time 
later; and the remaining 4 subjects make a correct move at FJ1 only after a reaction 
time which is some 140 ms longer than before (with only 4 subjects this is not quite 
significant statistically.) Subsequent RTs for outward jumps are increased com- 
pared with the pre-surprise level, gradually returning to about that level by about 
the third false jump cycle. Their performance shows more of the surprise element, 
therefore, and evidence of prediction in the initiation of movements. 
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DISCUSSION 


In all three tests described here, Parkinsonian patients appeared not to show the 
normal tendency to predict the immediate future movement of the target they were 
tracking. On the pursuit tasks they failed to match consistently the direction of 
target movement during the data gaps, and on the acquisition task they were not 
caught by surprise when the sequence was interrupted by an irregular target move- 

ment. Since performance was measured in terms of the intention shown by the 
subject, rather than by the accuracy or speed of carrying out the intention, this 
‘deficit’? or abnormal characteristic cannot simply be the result of the patients’ 
difficulties in controlling their own movements. It was the subjects’ general 
strategy of action that was abnormal, rather than their control of individual 
movements. 

The well-known parkinsonian long reaction time, for instance, is irrelevant here, 
since the data gaps of Experiments 1 and 2 lasted for two seconds each, extending 
for at least 6 RTs of 320 ms. This duration allowed plenty of time for subjects to 
decide on and initiate a course of action if they were capable of it. And in fact the 
most common reaction was not just to stop or ‘idle’ during gaps, but to continue 
ongoing movement until the target re-appeared. On the acquisition task, more- 
over, it was the direction of movement, and its time for initiation compared with 
previous movements, which were important, and in both these features the 
Parkinsonian patients matched the movement of the target better than the other 
subjects, when this went against prediction. | 

For the same reasons, too, it seems unlikely that the Parkinsonian subjects were 
not able to watch and work out the pattern they were tracking because they had to 
concentrate all their attention on controlling the spot. Also, the Tremor Group 
did not show a lack of prediction, although their difficulties in controlling their 
own movements must have been at least as great as those of the Parkinsonian 
Group. And all the patients had plenty of opportunity to learn the track patterns, 
with at least four cycles of preview before starting to track, instructions to learn 
the pattern, and at least fifty per cent more practice trials with data gaps before 
testing than the Controls. Most subjects, in fact, described the patterns correctly 
at this stage. As a whole, too, the Parkinsonian Group had had as much general 
tracking experience as the Controls. 

These results, then, suggest that Parkinsonian patients do not spontaneously 
use prediction as readily as normals in controlling their actions, but tend to be tied 
more directly to current sensory information, responding to events rather than 
anticipating them. Where the Tremor Group make errors, on the other hand, these 
tend to be wrong predictions, errors of commission rather than of omission, 
indicating that these subjects are at least as eager as normals to anticipate the 
future. The predominant reaction of ‘inertia’ or drifting shown by the Parkinsonian 
patients indicates a lack of positive prediction, although it may indicate that they 
are still capable of short-term extrapolation of movement such as is often found 
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in normals on irregular tracks where useful prediction from a model is impossible; 
this would agree with previous findings on the parkinsonian tracking of linear and 
sinusoidal movement (Flowers, 1978a). In other words, these patients may have 
retained Bartlett's type B anticipation, but lost type C (Bartlett, 1951). It is this 
latter kind of anticipation which requires generation of a definite prediction of 
future events and which must be based on an ‘internal model’ of ongoing events 
(in this case the track pattern). It is the only kind of anticipation enabling operators 
to work independently of sensory information for any length of time and to any 
great advantage (Flowers, 1978a). 

If this inference is correct, the parkinsonian deficit in tracking may be part of, 
or related to, the patient's akinesia which is characterized by lack of spontaneous 
action or speech. The subjects tested here were not outwardly deteriorated, but 
may still have had a degree of akinesia latent in them, which showed up on these 
tasks. Since they all claimed to ‘see’ the track patterns, and most described them 
correctly, their difficulty may be in using their knowledge to generate purposeful 
movement, that is, a kind of 'apraxia'. Alternatively their deficit may lie in the 
process of forming a model, that is, a high-level perceptual or ‘agnosic’ problem. 
Future work is designed to try to distinguish between these possibilities, testing 
parkinsonian patients on tasks of constructional apraxia, and on a test of perceptual 
analysis (Gottschaldt hidden figures). 


SUMMARY 


Three simple demonstrations of prediction in tracking suggest that, when track- 
ing a moving target, normal subjects do not simply follow it from moment to 
moment, but usually try to predict its future course. Their actions are thus directed, 
at least partly, towards its expected future movement. These three tests were given 
to 10 subjects suffering from Parkinson's disease. The results suggest that pre- 
diction is not as important a factor in their performance as it is in normals. Eight 
patients with intention or cerebellar tremor showed a greater degree of prediction 
in their tracking behaviour, although this was not always as accurate as that of the 

' controls. 
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INTRODUCTION 


UNDER the heading of ‘neuromyopathy’, Brain and Henson (1958) described all 
the neurological syndromes associated with carcinoma. Croft and Wilkinson (1963) 
subsequently used this term for neuromuscular disorders where on clinical grounds 
alone it was impossible to define them into primarily muscular, or secondary to 
neural degeneration, or both. Shy and Silverstein (1965) retained this term to 
designate a definite clinical syndrome of symmetrical proximal muscle weakness 
and wasting with hyporeflexia. In these patients, the authors found histological 
evidences of myopathic or myopathic and neuropathic lesions. Although, in 
earlier studies, exact localization of the lower motor neuron lesion could not be 
obtained on clinical examination alone, it has now become possible, with the aid 
of neurophysiological and pathological techniques, to delineate these syndromes 
into neuropathy, myopathy, or neuromyopathy. On these grounds, McLeod 
(1975) disliked the term ‘neuromyopathy’ when referring to the non-metastatic 
neuromuscular syndromes of malignant lesions. 

During recent years, the neuromuscular disorders have been studied electro- 
physiologically by various authors (Thage, Trojaberg and Buchthal, 1963; Moody, 
1965; Trojaborg, Frantzen and Andersen, 1969; Campbell and Paty, 1974). In 
these studies, the incidence of abnormalities has varied from 29-70 per cent. It 
appears that a uniform picture has yet to emerge. Using quantitative electro- 
myography and nerve conduction studies, and statistically evaluating the data 
against age-matched controls, the present study was undertaken to re-evaluate 
*neuromyopathy' and other ‘neuromuscular disorders’. 
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MATERIAL AND METHODS 


The Patients 


One hundred and seven males and 88 females with proven malignancies of various organs admitted 
to the wards or referred to us on account of neurological symptoms were examined. The mean age of 
the patients was 44-9 -- 10:7 years (P > 0-05 of the controls). They were examined clinically for any motor 
dysfunction, presence of wasting and fasciculations, or reflex pattern and sensory abnormalities. The 
patients above the age of 65 years, and those taking neurotoxic drugs or alcohol or having other con- 
comitant diseases such as diabetes, renal failure, hepatic, thyroid, or adrenal dysfunction, or nutritional 
deficiency, which are known to affect the nervous system, were excluded. 


Electrophysiological Studies 

"Electrophysiological studies were done before the institution of treatment by radiotherapy, chemo- 
therapy or surgery and were performed on a Medicor two-channel myograph (Budapest) at a constant 
room temperature of 27° C. The methods described by Cohen and Brumlik (1968) and Downie (1969) 
were used. Using the same concentric, co-axial electrode (TE1), four muscles were sampled in each 
patient, viz., deltoid, thenar, gluteus maximus and extensor digitorum brevis. The analysis of motor 
unit potential duration and amplitude was done by the method of Skaria, Katiyar, Srivastava and Dube 
(1975). 

Motor conduction velocities (McV) were measured in the median and peroneal nerves and the ortho- 
dromic sensory latency in the median nerve. Repetitive ulnar nerve stimulation at the wrist, to test for 
the fatiguability was done when indicated, by giving supramaximal surface stimuli at the frequencies 
of 1, 3 and 10 per second. 





hy et ши SOD A EVA n.“ 6—0 +25) 














M.U.P Duration Cm Sec ? 
== St A 
___ 





Е О е a Н В 
а А А а а ee 
AE SERRE И el РА ШИ ай р L 


i04 


Fic. 1. Motor unit potential durations of the deltoid (A), thenar ( X), gluteus maximus (0), and extensor 
digitorum brevis (О) muscles їп patients with various malignancies. Only values beyond the mean +2 SD of 
the controls are shown. 
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FiG. 2 The motor unit potential amplitude of the deltoid T thenar ( X), gluteus maximus (L1), and extensor 
digitorum brevis (О) muscles in patients with various malignancies, Only values beyond the mean +2 SD of 
the controls are shown. 
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Fic. 3 Motor conduction velocities in the median (О), and peroneal nerves (X ) n patients with various malig- 
nancies Only values beyond the mean 4-2 SD of the controls are shown 
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Fic. 4. Median nerve sensory latencies (O) and potential amplitudes (x) m patients with various malignancies 
Only values beyond the mean +2 SD of the controls are shown. 


Thirty male and 20 female healthy controls with a mean age of 40:9-- 14-1 years were also subjected 
to these studies. Their mean values for the motor unit potential duration and amplitude and the con- 
duction velocities are shown in figs. 1-4. These parameters were compared with those obtained from the 
' patients and were considered to be abnormal if the values were beyond the mean +2 SD of the controls. 


Interpretation of Results 

The EMG abnormalities were classified in descriptive terms. Brief duration, small amplitude, overtly 
abundant motor unit potentials with increased polyphasic potentials were classified into ‘BSAPP’ 
pattern; those showing denervation potentials, often associated with significantly prolonged MUP 
duration, reduced interference pattern and increased polyphasic potentials were labelled as having a 
‘denervation pattern’ (DN pattern), and the patients who showed denervation potentials in association 
with the BSAPP pattern were considered to have a *mixed pattern'. 

The nerve conduction abnormalities were classified into motor (MN), sensory (SN) and sensorimotor 
(SMN) neuropathy. Sensory neuropathy was considered if the median latency time was significantly 
prolonged, or the sensory evoked potentials could not be elicited, or their amplitudes were significantly 
reduced even in the presence of normal latency time. 


RESULTS 


Clinical Considerations 


In the present study, the clinical incidence of non-metastatic neurological 
syndromes was 30 per cent, seen more often in bronchogenic carcinoma (48 per 
cent), ovarian tumours (46 per cent), and testicular tumours (42 per cent). These 
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complications were found in about a third of the patients having malignancies of 
the breast, stomach or penis, and in about a fifth of the patients with malignancies 
at other sites (Table 1). 

Neuromuscular involvement was the commonest and was observed in all 
malignancies except of the thyroid. Neuropathic symptoms in the form of tingling, 
numbness and paresthesie were obtained in 29 patients (15 per cent). Objective 
sensory abnormalities, however, were noted in only 14 patients (7 per cent). One 
patient with bronchogenic carcinoma had motor neuropathy simulating Guillain- 
Barré syndrome. | 

Muscle weakness as a predominant sympton was seen in.7 patients. Difficulty 
in rising from the sitting position, climbing stairs, and weakness during walking 
were the usual complaints. 


TABLE 1. INCIDENCE OF CLINICAL ABNORMALITIES IN VARIOUS MALIGNANCIES 


Muscle wasting Objective sensory Total incidence 
Proximal Generalized abnormalities оў abnormalities 

Site (No.) No. % No. % No VA No. “А 

Lung (25) 3 12 6 24 3 12 12 48 
Cervix (22) 1 5 3 14 1 5 5 23 
Lymphoma (17) 1 6 1 6 1 6 3 18 
Breast (16) 2 13 2 13 1 6 5 31 
Stomach (15) 0 0 4 27 1 7 5 33 
Chr. myeloid leukzmia (14) 1 7 2 14 1 7 4 29 
Testes (12) I 8 2 16 1 8 5 42 
Ovary (11) 1 9 3 27 1 9 5 46 
Oral cavity (11) 1 9 1 9 1 9 3 27 
Penis (10) 1 10 1 10 1 10 3 30 
Head and neck (10) 0 0 1 10 0 0 2 20 
Sarcoma (10) 1 10 0 0 0 0 2 20 
Skin (8) 0 0 1 13 0 0 2 25 
Thyroid (5) 0 0 0 0 0 0 0 0 
Urinary bladder (4) 0 0 0 0 1 25 1 25 
Ac. leukæmia (3) 0 0 0 0 0 0 0 0 
Unknown primary (6) 1 17 1 17 1 17 2 33 
Total 14 7 28 14 14 7 59 30 


On clinical examination, muscle weakness and wasting were observed in 42 
patients (22 per cent), and were associated with neuropathic symptoms in a half 
of them. Generalized wasting was more frequent and striking in 28 patients 
(14 per cent), whereas proximal wasting confined to the shoulder and pelvic girdle 
muscles was seen in only 14 patients (7 per cent). Weakness was generally mild 
except in 10 patients where it was severe. Two patients with generalized wasting 
had fasciculations. None of them had pain or tenderness of the muscles, suggesting 
polymyositis or dermatomyositis. 
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Hyporeflexia was seen in 23 (12 per cent) patients, 14 (7 per cent) with generalized 
and 9 (5 per cent) with proximal muscle involvement. The deep reflexes were 
absent in 2 patients. 

Involvement of the central nervous system was seen in 7 (4 per cent) patients 
only and was frequent in bronchogenic carcinoma, where 5 (20 per cent) of the 
25 patients showed various abnormalities—mental changes (3), cerebellar syn- 
drome (2), and bulbar palsy, motor neuron disease and myelopathy (one patient 
each). A patient with testicular tumour and another with lymphoma had motor 
neuron disease and bulbar palsy, respectively. 


Electromyographic Abnormalities 


Electromyographic abnormalities were seen in 63 patients (32 per cent). The 
denervation pattern was the commonest and was seen in all the malignancies 
except acute leukemia. Denervation potentials were seen in 34 patients, and in 
18 of them were associated with prolonged MUP duration. Evidence of chronic 
denervation, that is prolonged MUP duration with reduced interference pattern . 
and increased polyphasic activity, was found in the remaining 16 patients. 

The BSAPP pattern was seen in 8 patients (4 per cent); 2 of them had broncho- 
genic carcinoma, and one patient each suffered from malignancy of the breast, 
ovary, head and neck, sarcoma, and acute and chronic leukemia. The BSAPP 
pattern in conjunction with the denervation potentials was seen in 5 patients 
(3 per cent) with carcinoma of the oral cavity (2), lung, testes and unknown primary 
(one patient each) (Table 2). 


Nerve Conduction Abnormalities 


Abnormalities in nerve conduction were seen in patients with tumour at all 
sites except the head and neck, the over-all incidence being 26 per cent (Table 2). 
Sensory neuropathy was more frequent than motor or sensorimotor neuropathy 
and affected about a half of the patients with ovarian tumours and about a fifth 
of those with testicular or penile malignancies. Motor neuropathy, on the other 
' hand, was more frequent in malignancies of the penis (20 per cent), lung (16 per 
cent) and chronic myeloid leukemia (14 per cent). Sensorimotor neuropathy was 
common in testicular (20 per cent) and lung tumours (12 per cent). 

Neuromuscular transmission studies were normal in all the patients investigated 
with repetitive nerve stimulation. 


Clinico-electrophysiological Correlates 


Of the 42 patients with muscle wasting, electromyographic (EMG) abnor- 
malities were found in 36 (86 per cent) and NCV abnormalities in 15 (36 per cent) 


CARCINOMATOUS NEUROMUSCULAR SYNDROMES 59 


TABLE 2. INCIDENCE OF ELECTROPHYSIOLOGICAL ABNORMALITIES IN VARIOUS 





MALIGNANCIES 
EMG NCV Total 
BSAPP 

Malignancy (No.) BSAPP DN + DN Total SN MN SMN Total No. %* 
Lung (25) 2 10 1 13 1 4 3 8 16 64 
Cervix (22) 0 5 0 5 2 0 1 3 7 32 
Lymphoma (17) 0 3 0 3 0 2 0 2 5 29 
Breast (16) 1 3 0 4 2 0 0 2 5 31 
Stomach (15) 0 5 0 5 2 1 1 4 7 47 
Chr. myeloid 

leuksemia (14) 1 3 0 4 1 2 0 3 5 36 
Testes (12) 0 5 1 6 2 1 3 6 7 58 
Ovary (11) 1 4 0 5 5 0 0 § 7 64 
Oral cavity (11) 0 2 2 4 1 1 1 3 5 46 
Penis (10) 0 2 0 2 2 2 1 5 5 50 
Head and neck (10) 1 1 0 2 0 0 0 0 2 20 
Sarcoma (10) ] 1 0 2 1 0 0 1 2 20 
Skin (8) 0 2 0 2 1 1 0 2 3 38 
Thyroid (5) 0 1 0 1 0 0 1 1 1 20 
Urinary bladder (4) 0 1 0 1 0 1 0 1 1 25 
Ac. leuksemia (3) 1 0 0 1 1 0 0 1 1 33 
Unknown primary (6) 0 2 I 3 0 1 2 3 3 50 

Total (195) 8 50 5 63 21 16 13 50 82 
Percentage 4 26 3 32 1 ' 8 7 26 42 


* Denotes the incidence of electrophysiological abnormalities occurring singly or in combination 
in patients with various malignancies. 


patients. The neuropathies of the motor, sensory and mixed varieties were equally 
distributed with an incidence of 12 per cent (Table 3). 

In patients with/generalized wasting, the denervation pattern was seen in 75 pet 
cent, 39 per cent of them having abnormalities in nerve conduction as well. 
These findings of generalized wasting point to a neuropathic etiology. The BSAPP 
was seen in a single patient only. In patients with proximal wasting, on the other 
hand, the electromyographic patterns were variable. The BSAPP pattern was seen 
in 6 (43 per cent) patients, the denervation pattern in 4 (29 per cent) and the mixed 
pattern in another 4 (29 per cent) patients. 

| ! 
TABLE 3. INCIDENCE OF ELECTROPHYSIOLOGICAL ABNORMALITIES IN 
PATIENTS WiTH AND WiTHOUT MUSCLE WASTING 





EMG abnormalities NCV abnormalities 
. DN BSAPP  BSAPP--DN . MN SN SMN 
Patients (No.) No. % No. % Мо. 9$; -No % No. % No. % 
Generalized wasting (28) 21 75. 1 4 0 0- 4 14 3 1] 4 14 
Proximal wasting (14) 4 29 6 43 4 29* I 7 2 14 1 7 


Chnıcally normal (145) 25 17 1 1 1 Apos э] 8 15 10 8 6 
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Electrophysiological abnormalities may be present even before clinical abnor- 
malities can be demonstrated by physical examination. Thus, of the 145 patients, 
EMG abnormalities were found in 27 patients (19 per cent) along with NCV 
abnormalities in 15 (10 per cent). Nineteen patients (16 per cent) showed only 
NCV abnormalities. 


DISCUSSION 


Proper electrophysiological evaluation of the carcinomatous neuromyopathies 
has been done in a few instances only and the results have often been variable. The 
present study, dealing with various malignancies, revealed clinical neuromuscular 
and electrophysiological abnormalities in 30 per cent and 42 per cent respectively. 
The abnormalities were frequently seen in malignancies of the lung, ovary, testes; 
penis, stomach and oral cavity, in that order. In a similar study of 82 patients, 
Moody (1965) found clinical abnormalities in 23 per cent and electrophysiological 
alterations in 29 per cent, more often with tumours of the lung and the stomach. 
Other studies relate only to lung tumours with an electrophysiological incidence 
varying from 47 per cent to 70 per cent (Thage et al., 1963, Trojaborg et al., 1969; 
Campbell and Paty, 1974). 

Abnormalities in nerve conduction were found in 26 per cent of our patients. 
There was a slight preponderance of sensory neuropathy over motor or sensori- 
motor neuropathy. In the majority of patients, slowing of conduction velocity 
was mild, irrespective of the type of neuropathy. Usually sensory conduction is 
markedly impaired by comparison with motor conduction (McLeod, 1975). In 
contrast to our observations, Moody (1965) found a higher incidence of sensori- 
motor neuropathy (12 per cent). In patients with lung cancer, Trojaborg et al. 
(1969) found motor neuropathy only, while Campbell and Paty (1974) encountered 
mild peripheral neuropathy of the non-demyelinating type in 4 out of 26 patients 
and significant loss of motor and sensory nerve fibres in 9 patients. In spite of the 
mild slowing of velocities in general, which suggested predominantly an axonal 
lesion, Croft, Urich and Wilkinson (1967), in their histopathological study, 
observed abnormalities both in axons and myelin sheaths. 

The Lambert-Eaton syndrome is probably rare and like Hildebrand and Cóers 
(1967) and Trojaborg et al. (1969), we did not observe it in any of our patients. 

Electrophysiological correlates in our patients revealed certain interesting 
findings. The generalized wasting was neurogenic, as all the patients except one 
showed the denervation EMG pattern, along with NCV abnormalities in the 
majority. Generalized wasting, although recognized previously, has not been 
documented in electrophysiological terms. The proximal wasting, on the other 
hand, was ‘myopathic’, ‘neuropathic’ or ‘neuromyopathic’. Six patients showed 
a BSAPP pattern while 8 of our 14 patients showed neuropathic features. Four 
had an exclusive denervation pattern and the others had denervation potentials 
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in conjunction with the BSAPP pattern. The combination of denervation potentials 
with a BSAPP pattern is well recognized in proximal wasting. Shy and Silverstein 
(1965) found myopathic units in 16 of the 26 patients and 11 of them had evidence 
of denervation. These authors concluded that the electrophysiological observations 
in their patients with neuromyopathy point to a primary neuronal or axonal 
disorder. The proximal distribution of wasting in them, and the presence of 
myopathic potentials, do not sufficiently establish the diagnosis of primary muscle 
disorder. Our findings concur with these observations. 

Application of electrophysiological techniques has greatly helped in unmasking 
latent neuromuscular involvement in cancer patients. This was possible in 46 of 
the 145 patients. Similar observations have been made by Moody (1965), Trojaborg 
et al. (1969) and Campbell and Paty (1974). 

The pathogenesis of the various neuromuscular syndromes remains obscure. 
Factors like toxins, viral infections, and immunological mechanisms have been 
incriminated. In a country like India, where the majority of the population lives 
in conditions of sub-clinical nutritional deficiency and patients with malignant 
disease are grossly cachectic, nutritional factors may be important. Muscle wasting 
in chronic malnutrition and in association with other chronic diseases, like wide- 
spread malignancies, is well known. In such patients, histological abnormalities 
in the muscles have been described (Adams, Denny-Brown and Pearson, 1962). 
Hildebrand and Cóers (1967) incriminated cachexia to explain the histopatho- 
logical abnormalities in their cancer patients with weight loss and emaciation. 
Tomlinson, Walton and Rebeiz (1964), on the other hand, reported histopatho- 
logical abnormalities of varying degree in the majority of cachectic patients 
suffering from a variety of disorders including malignant disease. In contrast to 
these histopathological reports, cachexia per se has not been shown to produce any 
electrophysiological abnormalities. Buchthal (1970), in his patients with anorexia 
nervosa, and Campbell and McComas (unpublished, see Campbell and Paty, 
1974), in their cachectic schizophrenics, did not find any electrophysiological 
abnormalities. Others have drawn similar conclusions (Croft and Wilkinson, 1963; 
Croft et al., 1967; Trojaborg et al., 1969). 


SUMMARY 


The present study deals with 195 patients with malignancies at various sites. 
These patients were evaluated clinically for any neurological dysfunction and, with 
50 controls, were subjected to electrophysiological studies. The mean ages of 
patients and controls were 44-93 4- 10-7 years and 40-98 -- 14-07 years respectively 
(P > 0-05). 

Involvement of the central nervous system was found in 4 per cent. Muscle 
wasting was observed in 22 per cent and in half, this was associated with neuro- 
pathic symptoms. Generalized (14 per cent) wasting was more frequent and 
striking than proximal (7 per cent). 


62 THOMAS PAUL AND OTHERS 


Electrophysiologicalstudies revealed that generalized wasting was predominantly 
neuropathic. On the other hand, proximal wasting was ‘myopathic’, ‘neuropathic’, 
or ‘neuromyopathic’. The electrophysiological studies unmasked latent abnor- 
malities in 35 per cent of the clinically normal patients. 

Various electrophysiological abnormalities were more common in malignancies 
of the lung, ovary, testes, penis, stomach, and oral cavity. Electromyographic and 
nerve conduction abnormalities were found in 32 per cent and 26 per cent respec- 
tively. The denervation pattern was the most common and the incidence of sensory, 
motor and sensorimotor neuropathy was 11 per cent, 8 per cent and 7 per cent 
respectively. 
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A STUDY OF THE VISUAL DEFECT IN 
VERBAL ALEXIA-SIMULTANAGNOSIA 


by DAVID N. LEVINE dnd RONALD CALVANIO 


(From the Department of Neurology, Massachusetts General Hospital and Harvard Medical School, 
Boston, Massachusetts, USA) 


INTRODUCTION. 


PATIENTS with posterior cerebral lesions often identify single visual items 
considerably better than compound items consisting of several components 
(Heilbronner, 1905; Pick, 1923; Wolpert, 1924; Pótzl, 1928; Kinsbourne and 
Warrington, 1962, 1963). In reading; the deficit is manifest as ‘verbal alexia’. 
The patient has little difficulty identifying single letters of the alphabet, but has 
great difficulty reading words. He may name an incorrect word with the same first 
few letters as the word shown or may attempt to name the letters of the word 
sequentially with varying success in ultimately saying the correct word. In inter- 
preting thematic pictures, the behaviour described initially as 'simultanagnosia' 
(Wolpert, 1924) appears. The patient may name many of the component items 
but fails to relate the situation or event depicted. 

Several explanations of such behaviour have been proposed. Early workers 
(Wolpert, 1924; Pdtzl, 1928) postulated a visual agnosia. They assumed that 
experience with compound visual arrays results in the development of procedures 
for perceiving the compound arrays as unities and that such procedures can be 
selectively lost. These procedures are specific for particular categories of visual 
material—hence reading and picture interpretation might be affected inde- 
pendently. Later investigators have emphasized the existence of a perceptual 
disturbance affecting all categories of visual material, but there has been no 
consensus on the nature of this disturbance. Ranschburg and Schill (1932), 
elaborating the hypothesis of Balint (1909), postulated a decrease in the quantity 
of ‘attentional energy’ available to perceive forms. The perception of only one or 
two forms exhausts the available energy, limiting the number of forms that can 
be perceived simultaneously. Luria (1959) and Luria, Praudina-Vinarskaya and 
Yarbus (1963) adopted a somewhat similar explanation, but emphasized that the 
weakened ‘visual analyser’ actively inhibits the perception of elements other than 
the one perceived. Perception of a complex array is thus faulty because perception 
adheres to the item perceived. Kinsbourne and Warrington (1962, 1963) undertook 
the only detailed experimental study of such patients. Using brief tachistoscopic 
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presentations they found that the patients required no longer exposures to identify 
single items than did normal subjects. But unlike normals, the patients were unable 
to identify more than one item even with prolonged exposures. They postulated 
that in the normal, ‘simultaneous perception’ of multiple elements occurs sequen- 
tially, item by item. In the patients, the perceptual acts occur normally but the 
interval between such acts is inordinately prolonged. Finally, Bay (1953) has 
proposed that subtle deficits in the visual fields, detectable only with methods such 
as flicker perimetry or tachistoscopic sensation time, might produce an effective 
‘tunnel vision’ that results in simultanagnosia when combined with a global 
dementia. ; 

We have undertaken an experimental study of three patients with verbal alexia 
(simultanagnosia—disorders of simultaneous perception). We have studied visual 
perception by employing flicker perimetry to assess peripheral visual fields and 
tachistoscopic exposure thresholds for single letters to assess central vision. To 
detect subtle alterations in central vision, we have explored the effects of after- 
coming masking patterns on the perception of single letters. All these tests failed 
to disclose abnormalities that could explain the impairment in identification of 
compound stimuli. In exploring the latter, we found that the patients were quite 
successful in reporting pre-designated portions of a compound array but were not 
successful when the portion to be reported was designated by the examiner after 
exposure of the array. We found that errors made by our patients in identifying 
letters in a compound array were predominantly ‘visual’ in that the reported letter 
was morphologically similar to the stimulus letter. We confirmed this tendency 
toward 'visual' errors in an experiment requiring patients to state only whether 
three letters were identical or not. Finally, we have demonstrated that our patients 
retain the enhancement in perceptual span which is seen in normal subjects for 
letter sequences forming words compared to random sequences of letters. We 
conclude that the abnormality in these patients can be explained neither by an 
elementary perceptual deficit (in the sense of Bay) nor by an agnosia (in the sense 
of Wolpert). Both the concepts of impaired perceptual analysis and impaired visual 
short-term memory, however, adequately account for many of the patients’ deficits. 
Impaired perceptual analysis appears to be the more satisfactory explanation, 
though difficulties arise even with this hypothesis. 

Before presenting the experiments, we describe the clinical histories of the three 
patients. The clinical and laboratory data provide further evidence that the lesions 
resulting in verbal alexia (simultanagnosia, disorders of simultaneous perception) 
are localized in the left temporo-occipital region. 


CASE REPORTS 


C.C. (MGH 190 92 60), a 70-year-old, right-handed, retired bank treasurer developed the sudden 
inability to read on May 5, 1976. He complained of headache in the left parietal region. Letters ‘seemed 
to run together'. In the past, he had been well except for the gradual onset of tremor in the left hand 
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two years previously at which time a diagnosis of Parkinson's disease was made. The tremor gradually 
worsened, and one year before admission he underwent right stereotaxic thalamotomy with striking 
relief. When admitted on June 8, 1976, his major complaints were that he couldn't read, often could not 
think of the word he wished to say, and that his driving was poor. 

On admission examination, he was alert and slightly hypokinetic. He was orientated to person, place, 
and time. Speech was fluently articulated, but conversation: was marked by occasional pauses that 
suggested searching for the appropriate word. He usually selected the correct word from a dictated list 
when he could not say it spontaneously. He readily obeyed three-step commands involving touching 
of body parts, discrimination of right and left on his body, and discrimination among his fingers. Mental 
calculations were somewhat slow but were accurate. He repeated spoken language easily. Forward digit 
span was six. He spelled dictated words and named words spelled aloud accurately. His vocabulary was 
that of an educated man. He demonstrated good recent memory by showing the position of multiple 
objects hidden in his room after several minutes, by recognizing the examiner each time he met him, 
and by giving a consistent and fairly complete history as his dysnomic disability improved. He seemed 
to find his way about the hospital but showed considerable difficulty in a laboratory route-learning task. 

He read very slowly, apparently not seeing more than one word and sometimes only part of a word 
in a single fixation. He required 125 seconds to read a 62-word fourth grade paragraph (Gray Oral 
No. 4). The beginning of this and other paragraphs was read more quickly tban the middle or end. 
Mistakes almost invariably involved the right side of the word. Thus, ‘they’ was read as ‘there’, ‘one’ 
as ‘once’, ‘there were’ as ‘therefore’. He would often get stuck at certain words such аз’ “Һет”, ‘garden’, 
‘sunk’. He lost his place only occasionally when shifting to the beginning of a new line of print. He 
named singly-presented letters correctly. In interpreting a thematic picture, he usually named individual 
items accurately and tended to proceed from the left side of the picture to the right. But he was unable 
to get the sense of the pictures even when he had named the crucial component parts. He had marked 
difficulty naming colours, though he matched identical shades well and did well on the Ishihara colour 
plates. He could not name photos of famous people, though he indicated recognition by stating that he 
recognized the face, by describing the social function or position’of the person in the photo, and by 
selecting the correct name from a dictated list. | 

He wrote spontaneous sentences and to dictation, quite legibly, with good orthography, except that 
writing was slightly cramped and messy, at least partially a result of his residual tremor. He copied the 
Rey-Osterrieth diagram slavishly and incompletely. The components represented were not mal- 
orientated. І 

Pupils were equal and reacted to light. Central visual acuity was 2/3 normal at 2 ft viewing distance 
in each eye. On confrontation testing, there was a delay in the detection of moving objects in the homony- 
mous right fields, but not a complete hemianopia. Kinetic perimetry (Goldmann —4 mm? and 1 mm? 
targets) showed considerable but not a complete shrinkage of the right hemifields of each eye. Very slight 
shrinkage compared to the norms for age was present in the homonymous left fields. Flicker perimetry 
yielded normal values for age in the homonymous left fields and values 30 to 50 per cent of normal 
in the homonymous right fields. The range of eye movements was normal. The eyes were conjugate at 
rest. Tracking movements were good except for slight difficulty following targets into the right (ambly- 
opic) field. Saccades appeared normal. Convergence to approaching objects was poor. 

The remaining cranial nerves were normal. There was no limb weakness and only slightly increased 
tone in both elbows with mild cogwheel phenomenon. Stance was normal. There was slight scuffing 
and circumduction of the left leg as he walked. Reflexes were of normal amplitude except slightly more 
brisk on the right. Detection of pin-prick, light touch, vibration, and passive joint movement was 
normal in both hands and feet. 

Technetium brain scan demonstrated a focal area of increased uptake in the left occipital region. 
Computerized axial tomography demonstrated a low absorption abnormality in the left occipital lobe 
extending to infero-medial temporal lobe. Arteriography demonstrated occlusion of the circummesen- 
cephalic portion of the left posterior cerebral artery with some reconstituting collaterals from distal 
branches of the left middle cerebral artery. EEG showed shifting posterior bi-temporal slowing. 
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R.T. (MGH 069 70 92), a 77-year-old, right-handed composer and professor of music, previously in 
excellent health, was conducting an orchestra on June 20, 1976, when he suddenly developed the sensa- 
tion of being struck on the head. The following morning he seemed unable to find his way from the 
bathroom to the bedroom and needed assistance in packing his clothes. He seemed confused, was 
slightly unsteady, and had difficulty expressing himself. He was admitted that day to the Massachusetts 
General Hospital. 

On examination, he was alert. He had marked difficulty finding the correct words in conversation. 
His responses were thus quite delayed, his phrases were often of decreased length, and he appeared 
frustrated with his inability to utter the correct word. His articulation was normal except for a tendency 
to stutter on the first syllable when trying to come up with a word. He repeated single words and short 
phrases accurately but showed verbal paraphasias with longer phrases. On the day of admission, he 
was unable to perform one-step verbal commands, though he often repeated them clearly but puzzlingly 
as though trying to ascertain their meaning. By the third day in hospital, he followed all one-step, 
several two-step, but no three-step commands. He was unable to name singly-presented printed letters 
or words, but by the end of the first week, he could write his name and a sentence to dictation, albeit 
with poor penmanship and an occasional doubling or omission of a letter. Copying print was nearly 
impossible. He had marked difficulty naming singly-presented colours and faces of well-known people, 
though he always indicated recognition of the latter by either describing the person's social position or 
selecting his name from a dictated list. He was slow, but more accurate in naming common objects. 
There was no apraxia of face, trunk or limbs. A right homonymous hemianopia was present. Optic 
discs were normal. Range of eye movements was full. There was slight right facial weakness. Strength 
inthe limbs was normal. No defects in somatic sensation were present. Reflexes were slightly exaggerated 
on the right and a right-sided Babinski sign was present. 

Lumbar puncture demonstrated yellow-pink CSF with 2500 RBCs/mn»?. X-rays of the skull were 
normal. Computerized axial tomography showed an area of increased density, consistent with hematoma 
in the left occipito-temporal region. EEG showed shifting and generalized slowing, more abundant and 
of lower amplitude on the left. ` 

By the fourth week, speech reception had improved to the point that he obeyed most three-step 
dictated commands He repeated four nonsense syllables accurately. Forward digit span was 5. Difficulty 
finding words 1n conversation persisted but had improved He was slow and occasionally inaccurate in 
performing dictated mental calculations. He had only minor trouble demonstrating on his hand a 
named finger and had no trouble designating right or left of paired organs on his own body. 

He was able to re-state fully a short, three-sentence dictated story after an interval of seven minutes 
filled with other verbal testing. His vocabulary was that of a highly educated man. He retained a quick 
and highly sophisticated sense of humour, and his social manners were impeccable, In interpreting 
proverbs, he began with a concrete simile but always arrived at a highly abstract interpretation. 

Не now named most single printed letters accurately (19/20, calling M, ‘V’) and named all colours 
(7/8) except one correctly, calling bright red, ‘orange’. 

He was unable to read. When given a first grade text (Gray Oral paragraph No. 1) to read, he per- 
formed as follows: 


A boy had a dog A--can--wa--was a---a dog! 

The dog ran into the woods The bog ran---uhdog ran into a— ’ 
(What letters do you see?) w,a,a,d—a 

The boy ran after the dog The bog—-b, о, g, ап onto the dog 

He wanted the dog to go home The— wander ran into---into—uh to--- 


The total elapsed time to this point was 150 seconds. 


In other texts, he often resorted to spelling words letter by letter, often misnaming several of them. 
Contrastingly, he spelled aloud dictated words such as GHOST, LOVELY, and SURROUND and 
named words such as ‘HANDLE’, ‘ENOUGH’, and ‘SAMPLE’ spelled aloud by the examiner. He 
said about his reading, ‘the words don’t have a meaning’ and ‘I can’t tell at one glance what a word is’. 
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"When he was shown a picture depicting an event or situation, be named individual components of the 
picture accurately, but could not describe the situation or event. His writing continued to improve and 
was easily legible when he wrote spontaneous sentences or sentences to dictation. Copying handwriting 
was very difficult. He copied the complex Rey-Osterrieth diagram nearly accurately, but extremely 
slavishly, requiring a full twenty-five minutes to complete the copy. 

Visual acuity with glasses was 1/5 normal, at 2 ft viewing distance. Kinetic perimetry confirmed a right 
homonymous hemianopia with moderate shrinkage of the intact visual field compared to age-matched 
, controls. Flicker perimetry showed nearly normal flicker fusion frequencies in the intact left visual fields. 

After the fourth week, he showed little change. Though returning weekly to the laboratory for testing 
(in which he participated eagerly) he never learned which door to take when leaving. In his own home, 
he was often unable to find the groceries or the cutlery drawer, stating that he could not remember 
where these items were located. Despite these disabilities, he always gave the impression of a highly 
intelligent and witty man, eager to improve and to get back to work. 


G.C. (MGH 209 10 10), a 59-year-old, right-handed, machinist was in good health until July 23, 1976, 
when, while pulling a weed from his garden, he felt a sudden sharp pain ‘as if someone had hit me 
on the head'. The pain lasted only thirty seconds and he remained asymptomatic until the following 
morning when he awoke with occipital headache. On examination at a local hospital, a homonymous 
right superior quadrantanopia was detected. He was referred to the Massachusetts General Hospital. 

On admission, he was alert and orientated to person, place and time. His speech was fluent without 
paraphasia. He obeyed three-step verbal commands. He repeated spoken language normally. There 
was no difficulty with word finding in conversation. He named written words, common objects, colours, 
and faces of famous people accurately. He read fluently and grasped the situations depicted in complex 
pictures. Calculations were accurate. He showed no disturbance in demonstrating named fingers or 
right and left on his own body. He copied the complex Rey-Osterreith figure normally. Memory for 
Short narrative stories was probably within normal limits. 

A homonymous right superior quadrantanopsia was present. Optic fundi were normal. Visual acuity 
was 2/3 normal at 2 ft viewing distance in each eye. Range of eye movement was normal. Facial sensation 
and movement were intact. There was no limb weakness. Reflexes were symmetric. No Babinski signs 
were present. Somatic sensation was intact. 

Skull x-rays were normal. Arteriography demonstrated an arteriovenous malformation deep in the 
left temporo-occipital region. It was fed by branches of the left posterior cerebral artery and drained into 
the vein of Galen. Computerized axial tomography showed an area of increased absorption medial to 
the occipital horn in the deep medial-occipital region. The mass, consistent with hematoma, extended 
to the surface of the occipital horn but was extrinsic to it. Three weeks later a second scan indicated that 
the hematoma had resolved. 1 

In the fourth week in hospital, he underwent a left occipital craniotomy for microsurgical removal of 
the arteriovenous malformation. A cortisectomy was made, the centre of which was 6 cm above the 
transverse sinus and 24 cm left of the midline. The incision was parasaggital of length 4 cm. At a depth 
of 24 cm, a cyst with yellowish-brown fluid was encountered and partially removed. The ventricle was 
entered at the superolateral portion of the cyst. The feeding vessels were electrocoagulated, cut, and 
removed. After removal, persistent bleeding from the cortisectomy site required repeated efforts at 
hemostasis and finally removal of a fresh hematoma. The cortisectomy was widened slightly laterally 
to remove a small amount of necrotic brain tissue. Total blood loss was less than one unit. 

Immediately after operation, he awoke disorientated to place and time with a right homonymous 
hemianopia and with inability to name colours or single letters. By the third post-operative day, he was 
fully orientated, able to read single letters but often only the left-most portions of words. On detailed 
examination, two weeks after operation, be was alert and fully orientated. Speech was fluent without 
paraphasia or word-finding difficulty. He easily repeated spoken words and phrases and obeyed three- 
step dictated verbal commands. Auditory digit span was six forward. He was almost completely accurate 
in re-telling a three-sentence story after five minutes. Mental calculations were done well. He had no 


70 DAVID N. LEVINE AND RONALD CALVANIO 


trouble demonstrating named fingers or right and left on his own body. He quickly named faces of 
famous people, single colours, and single letters. 

When presented with a first grade text (Gray Oral Paragraph No. 1), he read slowly, word by word, 
requiring fifty-five seconds to read the 48 words. He misread ‘dog’ for ‘boy’, ‘can’t’ for ‘cannot’, ‘there’ 
for ‘then’. In another paragraph, the sentence ‘The part of farming enjoyed most by a boy is the making 
of maple sugar’ was read as ‘The рагі... of family enjoyment... most be... must bea boy... in the 
making ...of maps... maple sugar’ and required thirty-five seconds. When given a thematic picture, 
he named individual items accurately but was unable to describe the situation or event depicted. He 
wrote intelligibly to dictation and spontaneously. He was very slow, but only slightly inaccurate in 
copying print. He gave up after completing approximately one-half of a copy of Rey-Osterrieth diagram 
in five minutes. ` 

Visual acuity remained 20/30 and optic discs were normal. He had a dense, right homonymous 
hemianopia to confrontation. Kinetic perimetry confirmed the hemianopia and demonstrated moderate 
shrinkage of the intact left half of each visual field. Flicker perimetry demonstrated values approximately 
2/3 normal in the homonymous left visual fields. Optic fundi were normal. The range of eye movements 
was full. Saccades appeared normal as he looked about the room. Following movements were normal 
except that he lost track of the object as it moved to the right (presumably a result of hemianopia). 
Optico-kinetic nystagmus was considerably less vigorous with the tape moving to the patient's left. 
Facial sensation and movement was intact. 

There was no limb weakness. Reflexes were symmetrical. No Babinski signs were present. Somatic 
sensation was intact including naming of palpated objects in either hand. 

A computerized axial tomographic scan, two days after operation, demonstrated a small left occipital 
hematoma at the site of operation. Arteriography, two weeks later, demonstrated disappearance of 
the arteriovenous malformation. 


SPECIAL STUDIES 


A three-field look-in tachistoscope (Gerbrands G1130), subtending 7° х 10° of visual angle, was 
used. Luminance in each field was 4 ft lamberts unless otherwise specified. The stimuli were one or more 
black capital letters (Chartpak-Helvetica 48 pt transfer letters) with a height of 1°, width of 0 6°-1-6°, 
and stroke width of 0-13? of visual angle on a white background (fig. 1). 

In a given trial, the pre-exposure field was a 100 ms period of darkness and the post-exposure field 
was 200 ms of illuminated blank field (4 ft lamberts). At all times other than the pre-exposure, exposure, 
and post-exposure periods, the patient fixated a central fixation point against an illuminated (4 ft 
lamberts) background. The stimuli! were always exposed to the left of the fixation point. When more 
than one letter was present, they were in a horizontal row unless otbérwise specified. The distance from 
the fixation point to the left-most end of the left-most letter was never greater than 4? of visual angle. 
Trials were initiated by the experimenter after a verbal warning signal (‘ready’). 


(1) Impaired Identification of Multiple Visual Objects 


The first experiment measured the capacity to name single letters and to name multiple sumultaneously- 
presented visual letters. First, a single letter (fig. 1, top left) was displayed at varying exposure times. For 
each exposure time, ten single letters were presented, and the minimum duration at which 9/10 were 
correctly named was noted. Patient R.T. could often draw single letters, though he was unable to name 
them, and in his case a correct drawing was accepted. Table 1 illustrates these threshold values for the 
three patients. The threshold values for three males of comparable age without neurological disease are 
also shown. Next, a set of consonant trigrams (fig. 1, top right) was displayed at varying exposure times. 
Twenty trigrams were presented at each exposure time, and the number of correctly named (or drawn) 
letters per trigram was tabulated as a function of exposure time for each patient (Table 2). It is evident 
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Ета. 1. Stimulus materials. The fixation circle is superimposed on stimulus materials in the figure to depict its 
approximate spatial relationship to stimulus contents. 


TABLE 1. SINGLE LETTER THRESHOLD (MS) 


Normal 
control group Patients 
C.M. 13 CC. 8 
AG. 10 R.T. 16 
ЕМ. 6 G.C. 13 


TABLE 2. LETTER CAPACITY* AS A FUNCTION OF EXPOSURE TIME 


Patients Stimulus exposure time (ms) 
20 100 300 1000 2000 5000 

C.C. 10 13 1-4 — 1:9 22 

ЕТ. 0-8 14 12 13 — 1-4 

G.C. 13 18 20 2-6 — 2:9 
Controlgroup 20 50 

С.М. 27 29 

A.G. ^ 29 30 

F.N. 29 27 


* Letter.capacity = average number of letters correctly reported from a trigram. Maximum score, 
three letters correctly reported. 


72 DAVID N. LEVINE AND RONALD CALVANIO 


that the number of letters reported correctly per trigram increased only very slowly with time. All three 
letters were not consistently reported even at exposure durations of several seconds. The control subjects, 
in contrast, were able to name all three letters almost always and achieved this ability at a duration of 
exposure at or just above the threshold duration for single tachistoscopically-presented letters. 


(2) Partial Report 


Although the patients were unable to report all the letters of the trigram in a single fixation, we wished 
to see whether they retained any flexibility in selecting by spatial position the letter or two that they 
were able to report. Accordingly, the patients were shown the same set of twenty trigrams used in the 

‚ previous experiment, but before the exposure they were told to report only the ‘left’, the ‘middle’ or the 
‘right’ letter. Each trigram was shown three times (on trials n, n 4-20, n-++-40) so that each letter of each 
trigram was cued once. The cued position varied pseudo-randomly from trial to trial. The results are 
shown in Table 3. It is evident that performance in this experiment was far superior to that of the previous 
experiment at all exposure durations. 


TABLE 3. LETTER CAPACITY AS A FUNCTION OF EXPERIMENTAL CONDITIONS 
AND EXPOSURE TIME 


Exposure Time (ms) 


20 100 300 
Condition Condition Condition 
Patient Full Pre Розі Ful Pre Post Full . Pre Post 
C.C. 1:0 1:6 1:3 1:33 2:0 r5 1-4 2:3 1:8 
R.T. 08 21 1-0 14 23 14 12 27 13 
G.C 13 26 — 18 27 17 20 27 290 


Full — full report experiment. Pre = pre-stimulus cuing experiment. Post = post-stimulus cuing 
experiment. 


A closer analysis of the data revealed that all patients performed nearly perfectly when asked for the 
left-most or the right-most letter but had varying degrees of difficulty reporting the middle letter. The 
same results were obtained when visual position cues were given instead of the verbal cues ‘left’, ‘middle’, 
and ‘right’, (A horizontal bar appeared in a position just above the letter to be named before the trigram 
was exposed and remained visible during exposure of the trigram. Again only the middle letter of the 
array presented difficulty). 

The patients were not nearly as successful when the cued position was given after the stimulus exposure 
instead of before. We performed an experiment identical in every detail with the experiment above 
except that we gave the cues ‘left’, ‘middle’, and ‘right’ one second after the offset of the trigram. The 
results are shown in Table 3. It is evident that performance was far poorer than in the pre-stimulus 
cuing experiment and about equal to the performance in Experiment 1 where all three letters had to 
be named. 


+ 


(3) Backward Pattern Masking 


Although the patients required no longer exposures to identify single letters than did normal subjects, 
we wished to explore the possibility of a more subtle impairment in the identification of single letters. 
To this end we compared the effects of aftercoming nonsense patterns 1n impairing identification of a 
single letter 1n our patients and in normal control subjects. 
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A single letter was exposed at a luminance of 0-5 ft lamberts for a duration just sufficient for it to 
be correctly named every time if followed only by darkness, Then, this duration having been determined, 
the effects of an aftercoming masking pattern of the same intensity as the target letter were studied. The 
mask, consisting of several partially superimposed letters (fig. 1, bottom right) completely covered 
the area of the initial letter. In a given experiment, the exposure duration of the mask and the interval 
between offset of the initial stimulus and onset of the mask (inter-stimulus interval) were systematically 
varied. First, a mask exposure duration was selected. The inter-stimulus interval was gradually increased 
from 0 ms every time a wrong answer was given until the patient was able to name the initial letter 
(presented at the threshold duration) on three successive trials. The inter-stimulus interval above which 
masking did not occur (the ‘critical inter-stimulus interval' —ISI) was measured. The data are presented 
in Table 4. It is clear that there is httle difference between the critical inter-stimulus intervals in patients 
and controls. 


TABLE 4. CRITICAL INTER-STIMULUS INTERVAL (MS) AS A FUNCTION OF MASK DURATION 


Mask Duration 





SL 
Patient thresh. Т 2T 4T 8T Median 
CC. T=25 120 80 100 100 .100 
RT. T=30 120 100 — 
GC. T=25 40 100 60 40 50 


SL 
Control thresh. T 2T 4T 8T Median 


Г.В. T= 7 40. 80 100 100 90 
F.N. T=40 10 80 80 50 65 


SL thresh = single letter threshold. Mask duration is measured in integral multiples of single letter 
threshold, (T). 


(4) Matching 


` Thus far, the patients had been required to identify (by naming or drawing) the stimulus elements. 
We wished to determine whether the deficit would be manifest where the patient was required to attend 
to all the elements in the compound array, but where identification was not required. In this experiment, 
nonsense trigrams were presented in all of which at least two of the three letters were identical. The 
third letter was either (1) identical to the other two, (2) different from the other two in a striking way 
morphologically (for example, KCK. or XOX), (3) different from the other two in a morphologically 
more subtle way (for example, XKX or COC). The position of the odd letter in the trigrams of Con- 
ditions 2 and 3 varied pseudorandomly in a balanced fashion over trials. On a given trial, the patient 
was required to state ‘same’ if all the letters of the trigram were identical, and ‘different’ if one of the 
letters was different from the other two. Án equal number of trigrams with identical and non-identical 
components were shown. The results are shown in Table 5. 

It is clear that performance in this experiment was superior to that in Experiment 1 when measured 
in terms of the percentage of trials on which a correct response was given. However, even though the 
trigrams were presented for durations greatly exceeding the threshold for the naming of individual 
letters, errors were not rare. These consisted both of calling trigrams with identical letters ‘different’ 
and trigrams with an odd letter ‘same’. Of note, the latter type of error occurred only when the different 
letter resembled the other two morphologically. i 
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TABLE 5. PERCENTAGE OF CORRECT MATCHING RESPONSES AS A 
FUNCTION OF STIMULUS ТҮРЕ 


Exposure Stimulus type Different 
Patient time (ms) Same different (MS) (MD) 
C.C. 50 83 63 100 
ЕТ. 50 76 81 100 
G.C. 20 88 79 100 


Same = all elements identical (e.g. 000). Different (MS) = one element different, but morphologically 
similar (e.g. OCO). Different (MD) — one element different, and morphologically distinctive (e.g. 
OOX). 


(5) Analysis of Errors 

In the course of Experiments 1 and 2, it appeared that the errors in letter identification were by no 
means random. To confirm this impression, we undertook an analysis of over 1500 errors, approximately 
500 consecutive errors per patient: An error of identification was recorded when the patient could neither 
name nor draw the simulus letter. Of these, the majority, approximately 80 per cent, were omissions; 
the subject stated that he did not know or was unable to 'see' the letter in question; 5 per cent of the 
errors were simple transpositions; the subject named a correct letter but in the wrong position —for 
example, saying 'S' when asked to name the middle letter of the trigram NWS. The remaining errors 
are shown in Table 6. It is evident that only a very limited set of letter names were uttered for each 
letter stimulus. Of the errors committed three or more times (O for Q, W for V, O for C, W for N, 
V for W, W for K, G for C, Q for C, C for G, H for R, Q for G, C for Q) all are clearly morphologic 
errors, that is, the letter reported resembles the stumulus letter in shape. 


TABLE 6. ERRONEOUS RESPONSES 


Letter Erroneous response and Letter Erroneous response and 


presented its frequency presented its frequency 
B TQ), КО) N W(6), M, H, I 
C O(8), С(5), Q(4), D P F, D, Т, В 
D OQ), P, Q, С Q 0022), CG), DQ), GQ), B 
F E(2), P(2), T, L, W - R H(3), N(2), B, P, S : 
G C(3), QG), B2, О, D, S S X,B,L 
H LW T I), N 
J L, C, W y W(9), Y(2), L 
K W(5), К, Е Ww V(5, M 
L IQ), T X S(2), L, Z 
M W(2), N(2) Z У 


(6) The Reporting of Words vs Non-words 


In a final experiment, we attempted to test directly the hypothesis that loss of strategies for perceiving 
compound arrays acquired through experience lies at the source of verbal alexia - simultanagnosia. To 
this end we compared the patients’ ability to identify letters in commonly encountered sequences, such 
as words, to their ability to identify nonsense consonant trigrams. 
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In the first part of the experiment, the patients were shown a set of mixed trigrams, half of which 
were common three-letter English words and half of which were nonsense trigrams. They were told 
only ‘We are going to show you, each time, three letters that we have picked at random from the alphabet. 
Name (or draw) every letter you see'. The first two trials consisted of nonsense trigrams to reinforce 
the expectation that words would not be present. Stimuli were presented for 100 ms—five to ten times 
threshold for single letters (see Table 1). Tbe number of correct letters reported was compared for the 
word and non-word stimuli. The results are shown in columns one and two of Table 7. In the second 
part of this experiment, the words and non-words were separated from each other and presented in two 
separate blocks. Before the block of words was presented, the subject was told that he would be $hown 
a three-letter word each time and to try to name the letters of the word. Before the block of non-words, 
he was told that he would be shown three letters that did not form a word and that he should try to name 
the letters. The number of correct letters reported was again compared for words and non-words. The 
results are shown in columns three and four of Table 7. 


TABLE 7. LETTER CAPACITY AS A FUNCTION OF EXPECTANCY 
AND STIMULUS STRUCTURE 


Expect non-words Expect words Expect non-words 


Patient Words | Non-words Words Non-words 
C.C. 1-5 ГІ 3:0 1-1 
R.T. 21 13 21 1-2 
G.C. 1:8 2:0 2:9 24 


Stimulus duration 100 ms. 


In all patients, the letter capacity was greater for words than for non-words in the blocked condition. 
In the unblocked condition, where every attempt was made to drive the subjects’ expectations toward 
non-words and so to minimize guessing (i.e., inference as to a letter's identity without perception of the 

, letter), the letter capacity remained greater for words than for non-words in patient R.T. and in C.C., 
but showed no difference in G.C. { 

Once it was recognized that the patients were indeed Sable of naming three-letter words, even at 
durations of exposure where only one or two letters of nonsense trigrams could be reported, we attempted 
to measure the capacity for three-letter words as a function of exposure time. The stimulus card for each 
tnal contained three common, three-letter English words written one above the other (fig. 1, bottom 
left). Twenty such stimulus cards were used at éach exposure time. Every attempt was made to encourage 
the patient to treat the words as units. He was told in advance that he would be shown three-letter words 
and was encouraged to name the word rather than component letters. The results are shown in Table 8. 


TABLE 8. WORD AND LETTER CAPACITY AS A FUNCTION OF EXPOSURE TIME 
Exposure time 
100 ms 300 ms 
Letter Word Letter Word 
Patient capacity capacity capacity capacity 
C.C. 13 0-6 1-4 0-8 
G.C. 1:8 0:8 2:0 1:3 
Word capacity == average number of words correctly reported from a display containing three 
three-letter words (see fig. 1, bottom left). Maximum score — three words correctly reported. Letter 
capacity taken from Table 1. Maximum score: three letters correctly reported. 
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It is clear that capacity for three-letter words increases slightly with exposure time just as does the 
capacity for letters. The capacity for three-letter words is approximately one-half that for individual 
letters. 

. The results of this experiment indicate that patients retain the ability to expand their visual letter 
span when the letters form words. 


DISCUSSION 


The three patients presented here clearly correspond to those previously described 
under the terms ‘simultanagnosia’ (Wolpert, 1924), ‘verbal alexia’ (Pótzl, 1928; 
Misch and Frankl, 1929; Ranschburg and Schill, 1932), and ‘disorders of simul- 
taneous perception' (Kinsbourne and Warrington, 1962). Clinically, in addition 
to right homonymous hemianopia or hemiamblyopia, the patients displayed 
inability to report the event or situation depicted by a multicomponent picture 
though they named individual items serially and usually accurately. They were 
unable to read most words at a glance and could report only опе or two letters in 
a single visual fixation. Anatomically, all three patients had unilateral left-sided 
lesions in the inferior temporo-occipital region. 

The results of our experiments argue against an explanation of the disability 
in terms of a narrow 'effective' visual field in the sense of Bay (1953). Flicker fusion 
frequencies in the left homonymous visual fields were nearly normal in all patients 
' as were the fields tested with routine kinetic perimetry. Nor can a subtle defect in 
macular or paramacular visual perception be invoked. Tachistoscopic sensation 
time for single letters was normal or nearly normal in each patient, and aftercoming 
masking patterns did not interfere with the identification of letters any more than 
in control subjects. Our results thus confirm the conclusions of those investigators 
(Wolpert, 1924; Kinsbourne and Warrington, 1962) who argued that the abnor- 
mality underlying the syndrome of verbal alexia - ишана is not one or 
central visual acuity or of peripheral visual fields. 

We also tested directly the hypothesis that loss of ТЕТ procedures for 
efficient perception of commonly experienced arrays is the basis of verbal alexia- 
simultanagnosia (Wolpert, 1924). The patients all identified more letters when 
these formed a word than when they were random consonants. These results are 
inconsistent with Wolpert's hypothesis. They complement the data of Kinsbourne 
and Warrington (1962), demonstrating that the deficit in simultaneous form 
identification is not limited to any specific category of visual material and the data 
of Warrington and Rabin (1971), showing that patients with left posterior cerebral 
lesions improve their performances in tasks of visual letter identification when the 
letter sequences more closely approximate those of written English. Thus, a 
material specific visual ‘simultanagnosia’ in the sense of Wolpert is not present. 

Having established that the deficit can be explained at neither the most elementary 
level of visual perception, nor in terms of a supraperceptual ‘gnostic’ function, we 
are left with three hypotheses postulating deficits at intermediate levels of percep- 
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tion and memory: (1) a prolonged refractory period between otherwise normal 
acts of visual letter perception (Kinsbourne and Warrington, 1962); (2) impaired 
capacity for discrimination of visual features of stimulus arrays (Balint, 1909; 
Ranschburg and Schill, 1932; Luria, 1959; Luria et al., 1963); (3) impaired visual 
short term memory (Warrington and Rabin, 1971). 

The theory of the prolonged refractory period is based on the assumption that 
normal perception of compound arrays consists of sequential ‘all or none’ per- 
ceptions of single elements separated by a refractory period. In verbal alexia- 
simultanagnosia the ‘all or none’ acts occur normally but are separated by a 
prolonged refractory period. If this were so, the number of letters identified by 
patients should increase linearly with exposure time, but at a slope smaller than 
that of normals. With sufficient exposure time, the number of letters identified 
should be normal. Such was not the case with our patients (Experiment 1). Also, 
since the perceptual acts are ‘all or none’ and do not interfere with one another, the 
errors should be random rather than morphological in nature. This again was not 
the case in our patients (Experiments 4 and 5). We do not know why Kinsbourne 
and Warrington (1962) failed to observe the non-randomness of errors that we 
observed and which had been reported by others (Pótzl, 1928; Ranschburg and 
Schill, 1932). Perhaps the co-occurrence of other systematic errors, such as trans- 
positions and perseverations lent a pseudo-randomness to the errors which could 
be clarified only by the realization that multiple specific determinants of errors 
existed. 

The theory of insufficient capacity for feature discrimination can account for 
most of our experimental results. The identification of one or two elements of an 
array exhausts the patients' limited capacity. Nevertheless, they retain considerable 
flexibility in deciding which of the letters of an array to analyse with their limited 
capacity (Experiment 2). If they attempt to divide their perceptual capacity among 
a larger number of letters while maintaining the depth of discrimination required 
to identify these letters, they make errors because the perceptual capacity per letter 
is less than required for the task. The errors reflect morphological similarity to 
the actual target because they are the products of some, though too shallow, dis- 
crimination (Experiments 4, 5). Thus, discrimination may have proceeded to 
sufficient depth to discriminate X from C but not O from C. When only a single 
form need be identified, however, the time course of perception is normal (Experi- 
ments 1, 3) because the now undivided perceptual capacity is sufficient for the 
task of identification. If the task is made easier by requiring only a determina- 
tion of whether three letters differ or are the same (that is, if the required depth 
of discrimination is decreased) the perceptual span may enlarge. Thus, the patients 
perform better in the matching task than in a task requiring identification, and 
within the matching task the incidence of errors is directly related to the required 
depth of discrimination (Experiment 4). Finally, if the task is eased not by changing 
the judgment required, that is, the task remains one of letter identification, but 
by changing the stimuli to highly familiar letter sequences, the span again enlarges. 
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Thus, as in normal subjects (Miller, Bruner, and Postman, 1954; Bruner, 1957) 
our patients perform better with three-letter words than with nonsense trigrams 
(Experiment 6). __ 

Ultimately, however, the theory of insufficient feature discrimination capacity 
is too broad in scope. All our patients had no difficulty identifying faces, whereas 
we have observed several patients with difficulty identifying faces but no verbal 
alexia. The latter patients, in agreement with reports of many other investigators 
(Pallis, 1955; Bornstein and Kidron, 1959; Beyn and Knyazeva, 1962; Lhermitte, 
Chain, Escourolle, Ducaine and Pillon, 1972; Lhermitte and Pillon, 1975), are 
impaired not only in identifying faces, but in identifying items belonging to other 
categories whose members differ only subtly.from one another along multiple 
dimensions—that is, where a high degree of discrimination is required. Examples 
include identification of landscapes, buildings, animals, and models of auto- 
mobiles. Thus, tasks requiring identification of a single, though complex, visual 
pattern appear to have a different neuropsychological basis from tasks requiring 
the identification of a compound array consisting of multiple identifiable com- 
ponents, where misidentification of any component will usually impair identifica- 
tion of the array. A comprehensive theory of deficits in visual identification must 
explain this double dissociation; the theory of insufficient visual feature analysis 
outlined here does not. 

The hypothesis of impaired visual short-term memory (STM) can also account 
for the experimental results. In attributing the deficient visual span in our patients 
to STM, however, one must modify the concept of STM to an extent that makes 
this hypothesis indistinguishable from the feature analysis hypothesis just dis- 
cussed. Warrington and Shallice (1969) introduced impaired STM into the 
neurological literature by interpreting the defect in repeating spoken language in 
their patient K.F. in terms of impaired auditory STM. K.F.’s visual span exceeded 
his auditory span; and the authors argued for independent neuropathological 
substrates for impaired auditory and visual spans. Warrington and Rabin (1971) 
found that patients with left posterior cerebral lesions were impaired in visual span 
and that correlation between visual and auditory spans was low. We confirm 
the independence of impaired visual and impaired auditory spans by presenting 
patients with severe, selective deficits in visual span only. Auditory digit spans in 
all patients were normal. 

It is thus tempting to interpret our experimental results in terms of defective 
visual STM, just as Warrington and Shallice interpreted the results of repetition 
aphasics like K.F. in terms of defective auditory STM. Indeed, the parallels 
in experimental results are striking. Pre-stimulus cuing with auditory strings 
improves performance in repetition aphasics (Kinsbourne, 1972) just as it does in 
our patients with visual strings (Experiment 3). Post-stimulus cuing in contrast 
does not improve performance either in repetition aphasics with auditory strings 
(Warrington and Shallice, 1969; Kinsbourne, 1972; Strub and Gardner, 1974) or 
in our patients with visual strings. Matching of auditory strings is done better 
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than repetition of the strings, but is still not normal (Warrington and Shallice, 
1969; Kinsbourne, 1972; Strub and Gardner, 1974). The same is true for visual 
matching in our patients. Finally, the capacity for repetition increases with slower 
rate of dictation of the string (Warrington and Shallice, 1969; Strub and Gardner, 
1974) just as longer tachistoscopic exposure time improves the capacity of our 
patients to identify a visually presented string. 

A closer analysis of the nature of the deficit in visual span in our patients, how- 
ever, demonstrates the lack of adequate differentiation between perception and 
short-term memory as the latter must be conceived to account for the experimental 
results. The normal course of backward pattern masking in our patients demon- 
strates that the impairment is not in the 'iconic store' (Sperling, 1960; Neisser, 
1967) that provides the raw material for perceptual analysis. Since auditory short- 
term memory is also normal, the deficit must be at a stage between the iconic store 
and auditory STM, perhaps the ‘visual recognition buffer’ postulated by Sperling 
(1967) in his three component (ісоп visual recognition buffer— auditory STM) 
model. This view of verbal alexia-simultanagnosia was expressed by Warrington 
and Rabin (1971). However, to conceive of the deficit as one of STM as opposed 
to perceptual analysis one must be able to distinguish the two operationally. One 
must, for example, show that information in the visual buffer arrived normally 
(that is, perceptual analysis was intact) but either decayed abnormally rapidly or 
was subject to some form of inter-element interference. It is precisely this that we 
have been unable to show. Indeed the opposite seems to be the case. When no 
‘memory load’ in terms of elapsed time between stimulus offset. and report was 
imposed, the patients were still impaired. This condition occurred in Experiment 1 
where patients were unable to identify more than two letters even with exposure 
times of five seconds (and in informal trials for exposures of over a minute) in 
which report was completed while the letter array was still exposed. This suggests 
that information in the visual buffer is never normal. In other words, perceptual 
analysis—the read-out of information from iconic storage into the visual recogni- 

tion buffer— is impaired. 


SUMMARY 


Three patients with lesions of the left occipito-temporal lobes and the clinical 
picture of verbal alexia-simultanagnosia are presented. In tachistoscopic experi- 
ments, the patients identified single letters at very short, normal exposure dura- 
tions. Aftercoming ‘masking’ patterns did not impair their ability to name single 
letters more than for normal subjects. When presented with three letters simul- 
taneously, the patients would name only one or two even with very long exposures. 
If told in advance which letter to name they successfully reported any single letter 
of the trigram except for varying difficulty with the middle letter. If told only after 
the exposure which letter to name, they performed poorly. If they were required 
to state only whether the three letters were identical, performance was better than 
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for naming. Errors occurred when the odd letter resembled the other two morpho- 
logically. The naming of letters of a trigram was better when the letters formed a 
word than when they did not. Errors consisted of morphological confusions and 
transpositions of other elements of the trigram. These experimental results can be 
interpreted as a deficit in the perceptual analysis of compound visual arrays. 
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INTRODUCTION 


ELECTRICAL stimulation of the human brain may evoke reports by patients of 
a wide variety of simple and complex sensations, emotions, and cognitions. These 
mental phenomena have been primarily considered in relation to the localization 
of function within the human brain. When a relatively simple sensory sensation 
is evoked, interpretation in this context appears to be straightforward. Consider, 
for example, the observation that electrical stimulation of a striate cortex locus 
very reliably results in a sensation corresponding in modality and spatial location 
to the sensation evoked by natural stimulation of the anatomically related retinal 
locus (Brindley and Lewin, 1968). In this case, it seems reasonable to presume that 
the specific sensations during which a cortical locus will be activated by natural 
stimuli are predicted by the characteristics of the sensations evoked by electrical 
activation of that same point. A similar interpretation may be applied to the 
discrete and topographically organized somzsthetic sensations evoked by stimula- 
tion of the post-central gyrus (Libet, Albers, Wright, Delattre, Levin and Feinstein, 
1964). 

Penfield, in his pioneering studies describing the mental phenomena evoked by 
stimulation of the human temporal lobe, interpreted these evoked phenomena 
in a manner analogous to those evoked by specific sensory cortex stimulation. 
Penfield found, and others have confirmed, that the most common categories of 
mental phenomena evoked by temporal lobe stimulation include complex hallucina- 
tions (Baldwin, 1960; Horowitz; Adams and Rutkin, 1968; Penfield and Perot, 
1963; Sem-Jacobsen and Torkildsen, 1960), feelings of familiarity (déjà vu) (Mullan 
and Penfield, 1959), alimentary sensations (Jasper and Rasmussen, 1958; Kim, 
1971; Yan Buren, 1961), fear or anxiety (Chapman, 1960; Heath, 1964), and 
amnesia (Bickford, Mulder, Dodge, Svien and Rome, 1958; Brazier, 1966; 
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Chapman, Walter, Markham, Rand and Crandall, 1967; Pampiglione and Falconer, 
1960; Serafetinides, Walter and Cherlow, 1975). When discussing the hallucina- 
tions, which he considered to be memories, Penfield labelled the temporal cortex 
*memory records' (Penfield and Jasper, 1954, p. 145). When considering the 
déjà vu or other misinterpretations of present sensations, Penfield (1958) referred 
to this cortex as ‘perceptual’ in analogy to ‘visual’ or ‘motor’ cortex, because 
stimulation there evoked ‘psychical responses’ corresponding to the visual sensa- 
tions or movements evoked by stimulation of the specific cortices. 

As more experience has been obtained with the mental effects of temporal lobe 
stimulation, it has become clear that there are several properties of these effects 
that distinguish them from the behavioural consequences of specific sensory cortex 
stimulation. Mental responses to temporal lobe stimulation show a marked 
variability between different patients, and between different stimulations of the 
same patient (Pampiglione and Falconer, 1960; Van Buren, 1961). A certain 
category of mental phenomena may be evoked in only a minority of patients (for 
example, hallucinations: Penfield and Perot, 1963; Van Buren, 1961) and any 
one patient may only experience a minority of the possible categories. Pampiglione 
and Falconer (1960) and Van Buren (1961) have commented on the difficulty of 
obtaining a similar experience upon repeated stimulation of the same electrode, 
although Ervin, Mark and Stevens (1969) seem to suggest greater reliability. Many 
stimulations, even among those that evoke after-discharges, fail to evoke any 
mental phenomena (Angeleri, Ferro-Milone and Parigi, 1964; Chapman, 1958; 
Pampiglione and Falconer, 1960; Walker and Marshall, 1961). 

What is responsible for this diversity and variability of mental response? 
Valenstein (1973) summarizes strong evidence from stimulation of various animal 
brain sites (particularly the rat hypothalamus) that the pre-existing temperament 
of the animal stimulated may be a better predictor of which behaviour is obtained 
than the precise location of the stimulating electrode. Other authors have offered 
clinical observations of a limited number of stimulations of the human medial 
temporal lobe that support a similar conclusion. For example, Kim and Umbach 
(1973) have commented that amygdala stimulation only yields aggressive behaviour 
in ‘aggressive patients’. Heath, John and Fontana (1968) report that intense 
pleasure is only derived from medial temporal lobe or ‘septal’ stimulation in 
patients with pre-existing intense physical or psychic pain. Fear occurred upon 
stimulation in Van Buren’s (1961) series only in those patients whom he felt were 
apprehensive regarding the stimulating session per se. 


The relative contributions of precise electrode location, 1n comparison with personality factors, in 
defining the mental phenomena evoked by temporal lobe stimulation has been most widely investigated 
with respect to the content of complex hallucinations. It has been possible to interpret certain evoked 
auditory (Mahl, Rothenberg, Delgado and Hamlin, 1964), gustatory-olfactory (Rayport and Ferguson, 
1974), and visual (Ferguson, Rayport, Gardner, Kass, Weiner and Reiser, 1969) hallucinations as 
symbolically related to ongoing psychodynamic processes, as inferred from'supplementary psychiatric 
interviews and dream reports, and from analysis of the interpersonal situation in which stimulation 
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occurred. In contrast, the localizationist interpretation, proposed by Penfield (1958), and Penfield and 
Jasper (1954), 1s that the hallucinations, no matter how bizarre, are in fact memory images, and that 
which particular memory 1з evoked is a matter of which engram happens to be closest to the stimulating 
electrode. This interpretation seems unlikely. First, hallucinations are usually associated with after- 
discharges (Horowitz, Adams and Rutkin, 1968; Ishibashi, Hori, Endo, and Sato, 1964), and after- 
discharges imply widespread electrographic effects. Second, stimulation of widely separated anatomical 
areas may evoke similar hallucinations (Horowitz et al., 1968; Penfield and Perot, 1963). Third, repeti- 
tion of stimulation with the same electrode, location, and stimulus parameters, produces, according to 
most authors, different images (Baldwin, 1960; Weingarten, Cherlow and Halgren, 1976; Horowitz 
et al., 1968). Lastly, excision of the area where the stimulating electrode was placed does not eliminate 
the memory of the expenence which was evoked by stimulation there (Baldwin, 1960). 

These challenges to the localizationist interpretation have been countered by the proposal that certain 
engrams could be highly localized but yet could be evoked by distant stimulation if the engram is acti- 
vated or sensitized by an epileptic process (Bickford ег al., 1958; Penfield and Perot, 1963). Penfield 
and Perot (1963) supported this proposal with their observation that stimulation of the temporal lobe 
was only able to evoke hallucinations from temporal lobe epileptics, and not in patients with foci in 
other lobes. However, as Penfield and Jasper (1954) noted, the temporal lobes of patients with non- 
temporal foci were not stimulated as extensively as those of patients with temporal foci. Since only about 
8 per cent of the temporal lobe epileptics whom Penfield stimulated did experience hallucinations of 
formed images (Penfield and Perot, 1963), this evidence must be considered inconclusive. In any case, 
a critical role of the epileptic pathology in selecting which patients experience hallucinations, and which 
hallucinations they experience, is clearly contradicted by the reports of Ishibashi er al. (1964) and Sem- 
Jacobsen (1968) that stimulation of the surface and depths of the temporal lobes of non-epileptic 
schizophrenics may result in formed visual hallucinations. 


The above discussion regarding the factors selecting the mental phenomena 
evoked by temporal lobe stimulation is based on observations that, while very 
valuable, are isolated and qualitative. In as much as the anatomical site, stimulus 
parameters, and patient all tended to vary from stimulation to stimulation it was 
not possible to rigorously isolate the particular factor responsible for the mental 
effects. In this paper, the anatomical sites sampled were held relatively constant 
across patients by adherence to a constant set of stereotaxic co-ordinates. The use 
of chronically implanted electrodes permitted the complete exploration of the 
capacity of all implanted sites to evoke mental phenomena when stimulated 
according to a regular protocol of stimulus parameters. This, and the noting of the 
amperage, frequency, and electrographic effects of each stimulation, established 
the comparability of stimulus characteristics across patients. Of course, the 
patient-related characteristics, such as aura, personality and location of focus, all 
remained constant across the average of 100 stimulus trains applied to each 
patient. Thus, the effects of patient-related variables could also be separated from 
the effects of electrode site and stimulus parameters. This study represents a first 
attempt at evaluating the factors selecting the mental responses to temporal lobe 
stimulation. The results indicate that a mental phenomenon was seldom evoked 
until the strength of stimulus was sufficient to induce widespread evoked potentials 
and after-discharges. The type of experience then reported was related to patient- 
specific variables including, specifically, their personality, rather than to the precise 
locus of the stimulating electrodes. 
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METHODS 


The subjects were 36 psychomotor epileptics participating in a comprehensive programme for the 
study and treatment of partial epilepsy (Clinical Neurophysiology Program: CNP). The average age 
was 264-8 years (range 10-44); 13 were female; 3 were left-handed. The patients were given thorough 
neurological psychological, and surface electroencephalographic examinations. If, after repeated 
attempts at control with medications, the patient's seizures continued to constitute a severe socio- 
economic handicap, then implantation of depth electrodes was considered in order to localize the seizure 
focus and thus direct surgical treatment (Crandall, Walter and Rand, 1963; Walter, 1973). Depth 
electrodes were not recommended for patients considered unlikely to tolerate electrodes or to benefit 
from seizure reduction due to their physical condition (for instance, repeated serious infections or 
progressive CNS disease) or mental status (for instance, severe mental retardation or psychosis). The 
procedures reported here followed the guidelines for the protection of human subjects in clinical 
research promulgated by the National Institutes of Health, U.S. Public Health Service in 1971 and 
1974. The research protocol was approved by the UCLA Human Subjects Review Committee. Patients 
were fully informed of the steps in the research procedures both during interviews and in explicit 
written form. 

Of the 36 patients described here, an operable temporal lobe focus was identified in 28 (21 right; 
7 left) during the approximate four-week course of depth and surface EEG studies (for criteria, see 
Walter, 1973). Of the 27 that elected an anterior temporal lobectomy (for results, see Crandall, 1975), 
adequate histology reports were available from 22. Pathology consisted of hippocampal sclerosis 
(13 patients), hamartoma (2 patients), gliosis (2 patients), or an astrocytoma III (one patient). No 
pathology was found in 4 patients. Brown (1973) and the Scheibels (1973) have provided more detailed 
descriptions of the pathology observed in the CNP series. Information regarding specific patients in the 
above papers may be correlated with the results presented here by reference to the CNP patient numbers. 

Electrode implantation sites were, bilaterally, the amygdala (AM), and the anterior (A), middle (M), 
and posterior (P), hippocampus (HC) and hippocampal gyrus (HCG). In addition, bilateral electrodes 
were placed in 5 patients into the uncus (Un), and in 2 patients into the anterior (AN) and centre median 
(CM) nuclei of the thalamus. In a further 2 patients electrodes were placed into the CM but not AN. 
In Patient 49, electrodes were also implanted in the cingulate gyrus and orbital cortex. This paper 1s 
concerned with the experiential effects of stimulating the mesial temporal structures. The effects of 
stimulating the other regions, however, will be referred to for purposes of comparison. 

Stereotaxic placement of depth electrodes followed the technique of Talairach, David and Tournoux 
(1958), as it has been modified by one of us (P.H.C.). Filling of the ventricles with contrast medium 
(Conray) permitted the direct visualization of the hippocampus and amygdala where they indent the 
temporal horns of the ventricles. The image of the temporal horn defined the stereotaxic axis of reference 
from which electrode co-ordinates were calculated for the temporal sites (Talairach et al., 1958) and 
thalamic sites (Talairach, David, Tournoux, Corredor, and Kvasina, 1957). Self-tapping hollow stain- 
less steel screw-guides were placed in the skull according to these co-ordinates. Epoxylite insulated 
stainless steel electrodes were then inserted through the screw-guides to the calculated depth and locked 
in place. Only electrodes whose co-ordinates were confirmed by x-ray at this point to be within the 
limits specified for the intended structure were included in the present study. The electrodes were either 
coaxial, with a 0-20 mm diameter wire inside a 0-55 mm tube and a tip separation of 1 mm, or bi-polar, 
with 0-25 mm wires and a tip separation of 1-5 mm. The exposed electrode surface at either pole was 
approximately 0-009 cm, resulting in a transfer resistance ranging from 4-7 to 12-5 Kohms, with a 
mean of about 7 Kohms. All 7 electrodes and screw guides protruding from each temporal bone were 
connected together into a rigid structure with Kadon dental cement. The scalp was then covered with 
a sterile head dressing from which passed only the electrode leads. 

The over-all accuracy of this stereotaxic technique was evaluated by one of us (P.H.C.) in lobectomy 
specimens from 13 unselected patients of the CNP series. Of the 69 depth electrodes which had been 
placed 1n these temporal lobes, 62 (90 per cent) terminated, according to operative radiographs, within 
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the intended anatomical locus. Histological examination of serial sections of the resected lobes revealed 
small condensed clusters of astrocytes where the stimulating electrodes had been located. The site where 
the electrode had terminated, indicated by a characteristically denser gliotic aggregation, was found 
for 51 of the 69 placements. In general, electrode tips which could not be localized lay beyond the 
posterior and medial margins of the resection. For example, the resections were never carried out 
sufficiently posterior to include the posterior hippocampal placement within the surgical specimen 





FiG. 1. The actual sites of termination of 8 electrodes stereotaxically directed toward the amygdala are plotted 
against a tracing of a normal frontal section. Bar — 5 mm. 


As is shown in fig. 1, all amygdala electrodes terminated within the lateral, basal, or accessory basal 
nucleus (the basolateral complex); the medial rotation (Humphrey, 1972) and relatively small size of 
the corticomedial amygdala complex in humans (Crosby and Humphrey, 1941) renders it unlikely that 
we stimulated that structure. Most hippocampal gyrus electrodes (fig. 2) terminated within the entorhinal 
cortex (area 28 and possibly area 34 of Brodmann, 1909) although errant electrodes could also possibly 
terminate in the presubiculum (area 27), perirhinal cortex (area 35), or neocortex (area 35; equivalent 





Га. 2. The terminations of 18 electrodes directed toward all levels of the hippocampal gyrus are plotted against 
a frontal section of a normal anterior hippocampal gyrus. Bar = 5 mm. 
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to area TH of von Economo, 1927). Hippocampal electrodes (fig. 3) terminated in all fields of Ammon's 
horn, and in the dentate gyrus. The over-all accuracy of the stereotaxic technique was 88 per cent: 
45 of the 51 histologically identified electrode terminations were within the intended zone. It should be 
"noted that in no case was histological confirmation available for electrodes stereotaxically directed to 
structures outside the medial temporal lobe. 





Fig 3. The terminations of 17 electrodes directed toward the anterior, middle or posterior hippocampus are plotted 
against a frontal section at the level of the middle hippocampus. Bar = 5 mm. 


The electrical stimulation session(s) was generally conducted two to three weeks after implantation. 
Initially, the purpose of the stimulation session was to evoke a clinical aura or seizure and thus provide 
` information regarding which side initiated the patient's seizures. Later, improvements in telemetred 
recording methods permitted the side of origin to be determined directly from spontaneous seizures: At 
this point, the stimulations were continued with the purpose of determining the intactness of memory 
functions in the side contralateral to the origin of the spontaneous seizures. It was reasoned that if 

, memory functioned adequately during an after-discharge in the diseased temporal lobe, then it would 
also remain functional if that lobe were removed surgically. 

' The stimulation sessions for each patient lasted several hours, often on two or more days. The order 
of electrodes stimulated varied from patient to patient. An electrode was stimulated with a Grass S-8 
stimulator using the Lilly wave-form, with balanced 100 microsecond pulses of opposite polarity 
separated by a 300 microsecond interval The first stimulation of a given electrode was with a low 
frequency and voltage (usually 5 volts at one pulse per second). These stimuli were usually presented in 
twenty-second trains. However, the trains would be terminated earlier if widespread strong evoked 
responses were observed. Successive stimulus trains were of successively higher frequency and voltage. 
The highest frequency stimuli which were applied to a given electrode could vary from one to 30 pulses 
per second, but was usually 10 pps. The maximum current passing through the electrode, as monitored 
across a parallel load, was limited to 10-0 mA (current CNP practice limits current level to 5-0 mA). 
Stimulation of a given electrode was terminated when this current was attained, or when a clinical seizure 
or long after-discharge was produced. Another electrode site was then stimulated in the same manner. 
There was generally at least thirty seconds between stimulation trains applied to the same site and two 
minutes between stimulation trains applied to different sites. Following an after-discharge or clinical 
seizure, no stimulation was applied until the EEG returned to baseline. An array of 15 electrodes plus 
stimulus marker were monitored on a Grass Model 78 Polygraph. Usually the monitored electrodes lay 
in the mesial temporal structures, but, occasionally cortical activity was monitored through stainless 

- steel orthopedic nails insulated except for 2 mm of the tip and placed in the outer table of the skull 
according to a modified 10-20 international EEG system. 
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During the stimulation session, the patient was alone, lying on a bed in a small, sound-attenuated 
room, In the adjacent room was a neurologist (R.D.W.) applying the stimulation, an observer noting 
the parameters and effects of each stimulus train, and two technicians. The patient and the neurologist 
communicated by microphones and earphones. The neurologist's microphone was turned off when he 
was not talking to the patient. Thus, the patient was aware of neither the period, location, parameters, 
nor electrographic effect of the stimulus. During most stimulus trains, we depended upon the patient's 
spontaneous report to indicate that a mental phenomenon had been elicited. However, if an after- 
discharge occurred, the patient's orientation and memory of recent events was actively probed by a 
series of questions (for example, ‘What did you have for breakfast?', "What is the name of your doctor 
and hospital?', "What is today's date, your еу The later patients were also monitored by a 
closed circuit television system. 

The neurologist's and patient's voices were оше on tape. From a verbatim transcription of this 
tape, and the observer's notes, a protocol was made, listing for each stimulus train the parameters of 
stimulation, the location of evoked potentials and after-discharges, and any feelings or sensations 
reported by tlie patient. The electrographic responses noted during the stimulation were checked at 
a later date by reference to the paper record of the EEG. From the protocol thus obtained the charac- 
teristics of the stimulus trains evoking each category of mental phenomena were tabulated. 


RESULTS 


Description of Mental Phenomena 


Highly diverse mental phenomena were reported. These phenomena were 
classified into 20 categories. Unless otherwise specified, the descriptions below 
refer to phenomena reported during stimulation of mesial temporal structures. 


(1). Visceral (heart), Ht (3 patients, 3 electrodes, 5 stimulations): patient feels his heart beating faster 
(3,3,3) or harder (1,2,2). 

(2). Visceral (alimentary), A1 (16,32,59): patient reports a sensation in the alimentary tract. This was 
the most commonly reported experiential response. All except two of these reports referred to a region 
including the stomach. These reports (1,1,2) were of constrictions of the throat. Most commonly, the 
sensation was described as nausea (5,10,17). The next most common report described a sensation rising 
from the stomach to the throat (4,5,6). Related to this were simultaneous sensations of the throat and 
stomach (3,5,6) and sensations of being ‘about to belch’ (1,4,11). The remaining reports described 
constricted or 'sucked in' (2,4,4), dropping (1,2,2), cold (1,2,2), or unspecified (7,8,8) sensations referred 
to the stomach. In addition to the above responses, stimulation in the region of one patient's left anterior 
thalamic nucleus repeatedly resulted in a ‘hollow’ sensation in the stomach (1,1,6). 4 


(3). Motor, Mo (9,11,14): patient reports a movement of his body. Most commonly, this movement 
was a localized twitch (2,2,3) tremor (3,3,5) or small displacement (4,5,6). The patients perceived all the 
above movements as being induced by an agent outside themselves. 

(4). Somesthetic (head), Hd (8,14,17): sensations in the head described by the patient as pulsing (1,1,1), 
tingling (1,1,2), tickling (1,1,2), burning (1,1,1), hot (1,1,1), headache (3,3,3), light (1,1,2), odd (1,3,3), 
or funny (1,1,2). The quality of one sensation was unspecified. Stimulation ш the presumed region of the 
centre median nucleus also induced feelings in the head (2,3,28) described as ‘like pins and' needles’ 
(1,1,10), ‘tingling’ (1,2,6), or as a metallic taste in the mouth (1,1,12). Interestingly, stimulation of the 
patient who felt a ‘tingling’ in her face and mouth upon presumed stimulation of the right or left centre 
median, felt the same sensation when stimulation of the right anterior hippocampal gyrus evoked 
potentials in the presumed centre median, bilaterally. 

(5). Somaesthetic (chest), C (10,12,13). sensation in the chest described by the patient as painful (1,1,1), 
bad (1,1,1), like falling (1,1,1), full (1,1,1), warm (1,1,1), cold (1,1,1), or strange (2,5,6). One patient 
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. who could not remember any aura associated with her seizure did report an aura-like sensation in her 
chest. A sensation ‘like pins and needles’ in the chest was also reported after stimulation of the centre 
median nucleus of the thalamus (1,2,8). 


(6). Somesthetic (limbs), L (6,13,17): sensations in the hands, arms, or legs, described by the patient 
as tingling (2,2,5), pulsing (1,1,1), numb (3,3,3), aching (1,1,1), constricting (1,1,1), loosening (1,1,1), 
funny (1,1,1), or odd (2,2,2). The qualities of two sensations were not specified. In addition to the above 
reports, stimulation of the presumed centre median led to contralateral sensations described as ‘pins 
and needles’ (1,2,16) or ‘tingling’ (1,2,2). 
(7). Somasthetic (whole body), WB (6.8.9): sensations, which seemed to be spread over most of the 
body, described by the patients as tingling (1,2,2), numbness (1,1,1), tense (1,1,1), strange (1,1,1), or 
' odd (1,1,2). The quality of two sensations were unspecified. One stimulation of the presumed left centre 
median resulted in a sensation of pins and needles on the right side of the body. 


(8). Temperature, T (8,11,15): patient feels-a hot (5,8,8) or cold (3,3,7) sensation. Of these, four 
stimulations were associated with a sensation localized to a particular part of the body (eyes, head, 
shoulder, or back). 

(9). Spatial illusions, SI (6,8,8): this included three types of responses: (i) an illusional translation of 
the entire body with respect to the environment (4,5,5); (ii) an illusional movement of the environment 
(1,1,1); and (iii) dizziness (2,2,2). 

(10). Déjà vu, DV (5,11,19): patient either reported ‘déjà vw’ (5,9,10) or an ‘aura’ (2,5,9) which was 
known to include déjà vu. 

(11). Unformed auditory hallucinations, Au (6,12,17): patient experiences a sound she describes as 
clicking (1,1,1), buzzing (2,5,7), ringing (1,1,1), or popping (1,2,2). Stimulation of the left anterior 
hippocampus in one patient at 20 V, 1 PPS, 5:6 mA resulted in a sound like ‘water dripping’. Increasing 
the parameters of stimulation to 30 V, 5 PPS, 9-2 mA resulted in auditory sensation of increased intensity 
(like a ‘hammer and nail"). A further stimulation of the left anterior hippocampal gyrus that resulted 
in an after-discharge throughout the left depth was accompanied by 'awful weird sounds'. Thus is 
the only case we have observed which seemed to show a relation between intensity of stimulation 
and intensity of sensation. However, even in this case, sequential stimulation of the left anterior 
hippocampus at higher frequency and equal amperage did not result 1n any reported mental pheno- 
menon. 

(12). Unformed visual hallucinations, V (4,5,9): patient reports seeing flashing (1,2,3), fluttering (1,1,2), 
blinking (1,1,1), or undescribed (1,1,3) lights. 

(13). Dream-like hallucinations, D (6,6,9): hallucinations of formed visual images were classified as 
dream-like if they were described by the patient as being like a dream (3,3,4), day dream (1,1,1), movie 
(1,1,1), television programme (1,1,2), or cartoon (1,1,1). 

(14). Memory-like hallucinations, Me (6,21,35): the remaining formed hallucinations, of which all 
but one were stated to be memories by the patients (5,20,34), were classified as memory-like. Thirty- 
seven of the forty-four memory and dream-like hallucinations were reported by 3 of the 36 patients 
(CNP Nos. 16, 49, and 53). Case histories and descriptions of hallucinations have been presented else- 
where for Patients 16 (Chapman, Walter, Markham, Rand and Crandall, 1967) and 53 (Weingarten 
et al., 1976). Patient 49's seizures began when she was 12 years old as a general rigidity. She was able 
to hear and perform certain movements, but she was unable to talk. Intense fear accompanied these 
attacks. As she grew older, her seizures assumed a stronger motor involvement. Usually her head would 
turn to the right, followed by loss of consciousness and right-sided jerking. These seizures were some- 
times preceded by an aura of ‘buzzing’ and déjà vu. Repeated attempts at control with medications were 
unsuccessful. A complete neurological and psychiatric examination was performed. The patient was 
considered to have strong displaced fears and phobias, and to display anxiety and tension with ruminative, 
obsessional and shy behaviour. Depth electrodes implanted at the age of 32 years recorded interictal 
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EEG paroxysmal spikes arising most frequently in the right anterior hippocampus and right middle 


hippocampal gyrus. However, EEG spikes also arose independently in the left depth. A spontaneous 
clinical seizure displayed a generalized onset, precluding surgical treatment. 


TABLE 1. RESPONSES OF PATIENT 49 TO STIMULATION 


No. of 
Site trains п Maximum Maximum Potential After- Hallucina- 
stimulated sequence — pulses/s current evoked? | discharge? Déjà vu? tion? 
LAm 8 10 64mA — — — — 
LAHC 8 10 9-0 x — — — 
LMHC 7 10 10-0 ГА — DV — 
LPHC 8 10 8-0 — — — — 
LAHCG 8 10 64 y — — M 
LMHCG 9 10 8-6 r4 r4 — D,D 
LPHCG 8 10 6-8 ГА — DV — 
LMHC 1 10 10-8 ГА — — 
RAm 9 10 9-0 y y — M,M,M 
RAHC 7 10 84 y —- — — 
RMHC 8 10 9-0 y — — M,M,M,M 
RPHC 7 10 8-8 — — — — 
RAHCG 5 10 6-4 ГА y DV M* 
RMHCG 7 10 9-2 r4 — — M 
RPHCG 7 10 7:8 4 — — M*M* 
RUn 5 1 9-4 ГА — — M* 
LMHCG 1 10 8-0 4 — D 
RAHCG 1 10 3-4 r4 — M 
2 weeks later 
LAm 6 1 9-4 — — — 
LAHC 10 10 8-0 Y — DV,DV,DV — 
LCG 8 10 74 — — — — 
RAm 6 10 10-4 ГА — DV -— 
RAHC 9 10 8-0 А r4 DV,DV — 
RMHCG 9 10 6-8 r4 r4 DV — 
RCG 7 10 6-0 — — — — 
LOC 6 $ 6:6 — — — — 
RAHC 2 10 82 r4 y — OH,U 
LAN 6 5 88 — — — 
LVA 5 5 72 — — — — 
ROC 5 5 44 — — — — 
RAN 5 5 5-8 — — — — 
RVA 5 5 5-0 — — — 


Each row of this Table presents a sequence of stimulus trains applied to the same site. L = left; 
R == right; А == anterior; M = middle; P= posterior; Am = amygdala; HC = hippocampus, HCG = 
hippocampal gyrus; Un — uncus; CG — cingulate gyrus; OC — orbital cortex; AN — anterior thalamic 
nucleus; VA = ventral anterior thalamic nucleus. All mental phenomena indicated were obtained with 
the highest stimulation current used, or else were repeated with all higher current levels, unless marked 
by an asterisk. M—memory-like hallucination; D—dream-like hallucination 
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Memory-like or dream-like hallucinations were evoked by seventeen separate 
stimulus trains applied to any one of eight different electrodes located bilaterally 
in Patient 49's medial temporal lobe (Table 1). Three of her hallucinations seemed 
to her like television shows—a ‘soap opera’ and programmes regarding implants 
or astronauts. The astronaut programme seemed "like a dream, a weird dream'. 
She spontaneously remarked that she did not remember having had the dream 
before. The remainder of her hallucinations she reported to be specific memories: 
a trip to Yosemite or to Reading; a scene in her home; lying on a couch watching 
football; a particular telephone conversation; a chocolate coke she drank once 
in a small town. Two of her memories were of seizures, one which had occurred 
in junior high school and another at her home. Events that presumably were of 
great personal importance were also remembered: her brother's graduation from 
college and her son's first day in school. The latter ‘memory’ was the only one that 
was repeated. Even in this instance it was not clear if the specific images were 
re-experienced, or if the memories were only related. In all other cases, repeated 
stimulus trains applied to the same site, evoking potentials in tbe same recorded 
areas, would evoke apparently unrelated memories. 

In general, when stimulation did not evoke potentials in other structures, either 
because of the low current used or the insensitivity of the stimulated site, no déjà vu 
or hallucination was evoked. When high current levels evoked widespread 
responses, then usually either déjà vu or a hallucination occurred, although often 
no mental phenomenon was reported. For any sequence of stimulations of the 
same electrode, only one category of mental phenomena was reported, although 
that category may be repeated with several stimulus trains within that sequence 
(see Table 1). Late in the stimulation session of Patient 49, the above pattern broke 
down to some degree; in three sequences isolated memory-like hallucinations 
occurred at current levels which did not evoke potentials, and were not repeated 
at higher current levels which did. 

Two weeks later, Patient 49 underwent a second stimulation session. In this 
session, in addition to deep temporal sites, bilateral recordings were made from 
the presumed regions of the cingulate gyrus and orbital cortex, and the anterior 
and ventral anterior thalamic nuclei. No memory- or dream-like hallucinations 
were reported in this session. However, déjà vu was repeatedly observed, often 
from electrodes which in the previous session had yielded, with the same stimulus 
parameters, hallucinations but not déjà vu. Stimulation of the thalamic and 
cortical sites evoked no reported response, either mental or electrographic. These 
leads, however, did record potentials when the deep temporal leads were stimulated. 
Specifically, all deep temporal sites stimulated, with the exception of the left 
amygdala, evoked potentials in the ipsilateral orbital cortex, usually at threshold 
currents equal to or below those necessary to evoke potentials in ipsilateral deep 
temporal lobe structures. In addition, anterior hippocampal stimulation evoked 
potentials in both thalamic sites. 

Patients 16 and 53 exhibited a similar relation between stimulus trains and 
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evoked mental phenomena as Patient 49; in general, mental phenomena belonging 
to only one category would be evoked by a given stimulus sequence applied to a 
single site, although a later sequence applied to the same site may yield a different 
category. Again, mental phenomena tended to occur only with high current levels 
that evoked widespread electrographic responses. , 


(45). Other hallucinations, OH (4,5,6): hallucinations that were not clearly an unformed sensory 
hallucmation nor were unambiguously a complete image. 

(16). Emotion, Е (8,16,35): in all cases, the emotion was unpleasant: fear (5,12,29) tension (1,1,1), 
or nervousness (1,1,1). Only one patient (CNP No. 32) reported feelings of anger, and no patient dis- 
played overt aggression, upon stimulation of the temporal lobe. Patient 32 was a 24-year-old right- 
banded woman. Her seizures began with feelings of anxiety and progressed to salivation and clonic jaw 
movements. She gave the clinical impression of a passive-dependent personality. The bilateral recordings 
included four right depth structures: amygdala, anterior and middle hippocampus, and middle hippo- 
campal gyrus. Upon stimulation of the right middle hippocampus at 7-5 mA and 10 pps, the patient 
remarked that she ‘felt bad’. When the current was increased to 9:2 mA the patient ‘felt like crying". The . 
patient felt ‘hard to get along with’ and heard a ‘clicking noise’ when the same stimulus parameters were 
applied in the following train. Thirty stimulus trains later (several of which were accompanied by 
nausea), stimulation of the right amygdala (10 pps, 15 V, 3-6 mA) evoked a brief after-discharge in the 
ipsilateral anterior and middle hippocampus. The patient reported ‘nausea’ and then a feeling of ‘anger’ 

"The following stimulus train (10 pps, 20 V, 5-0 mA) induced nausea and a report of hearing something 
in Spanish, but no after-discharge and no anger All the above stimulations of Patient 32 which evoked 
mental phenomena also evoked potentials in all recorded ipsilateral structures. However, the converse 
is not true—most stimulations which evoked potentíals evoked no mental phenomenon. 

(17). Confusion, Cf (11,17,18): difficulty in thinking, disorientation for time and place. 

(18). Amnesia, Ae (7,9,10): usually, the amnesia seemed to be for the events of the past several hours, 
but in one case it appeared to be confined to the previous few minutes (1,1,1), and in other cases was 
accompanied by the disruption of remote memory implied by disonentation (4,4,4). 

(19). Seizure, Sz (6,8,9): a clinical seizure. 

(20). Unclassified, U (10,15,22): the patient's report (feeling ‘vaguc’, ‘funny’, ‘eerie’ or 'strange") was 
not sufficiently defined to classify the experience. 


In several instances, a single stimulation evoked mental phenomena from more 
than one category. These instances are tabulated in Table 2. 


Characteristics of Stimulations that Evoked Mental Phenomena 


Of 3495 stimulations of the mesial temporal lobe, only 267 elicited a mental 
response. Mental phenomena were much more likely to occur in response to 
stimuli which also evoked detectable electrographic responses. As is shown in 
Table 3, only 2:4 per cent of those stimuli that evoked no electrographic response 
were associated with a mental response. In contrast, 5-5 per cent of the stimuli 
that evoked a potential but no after-discharge, and 36-2 per cent of the stimuli 
evoking an after-discharge also evoked mental phenomena. This association of 
electrographic and mental responses was highly significant (x? = 480-2, df — 2, 


ERIC HALGREN AND OTHERS 


TABLE 2. MORE THAN ONE MENTAL PHENOMENON REPORTED DURING A 
SINGLE STIMULUS TRAIN 
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= temperature. 


= seizure, T 
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confusion, D 
(head), Ht = visceral (heart), L 


OH = other hallucinations, SI = spatial illusions, Sz 


hallucinations, WB 


(chest), Cf 


P, 2-tailed, < 0-001). It should be noted, however, that a clear majority of even 


Stimuli which evoked bilateral after-discharges were particularly effective in 
eliciting mental phenomena: 69 per cent of such stimulations evoked a mental 


those stimuli that evoked after-discharges were not accompanied by a reported 


mental phenomenon. 


phenomenon, most often (14/19) Cf, Ae, or Sz. However, only 4 out of the 36 
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stimuli that evoked bilateral evoked potentials were associated with a mental 
phenomenon, and in 3 of those 4, the phenomenon was not reported until the 
potentials developed into after-discharges. Furthermore, similar phenomena were 
reported by the same patients during stimuli that elicited no contralateral electro- 
graphic response. Thus, there were no patients in which the appearance of bilateral 
evoked potentials appeared either necessary or sufficient for a particular mental 
phenomenon to occur. 


TABLE 3. PERCENTAGE OF STIMULATIONS EVOKING A MENTAL PHENOMENON: 
CATEGORIZATION BY SITE OF ELECTRODE AND BY ELECTROGRAPHIC RESPONSE 


Site 











HC HCG 
Electrographic 
response Ат-+ Оп Anterior Middle Posterior Anterior Middle Posterior Total 

No ER or AD 25 23 34 28 09 20 25 24 

П = 324 215 119 211 111 101 127 1179 
ER, no AD 82 76 84 21 48 33 1:3 55 

n= 354 344 250 141 272 337 224 1922 
AD 41-3 446 27-0 420 448 - 297 65 362 

П =. 46 112 37 7 58 74 31 365 
Total 73 121 86 33 91 68 21 76 

0 == 724 671 406 359 441 512 382 3495 


ER — evoked response AD = after-discharge. 


Table 3 also shows that the probability of evoking mental phenomena differed 
among anatomical sites (x? = 47-03, df= 6, P, 2-tailed, < 0-001). In particular, 
the stimulation of the posterior electrodes elicited mental phenomena only about 
one-quarter as often as did stimulation of anterior electrodes. This comparison is 
inflated somewhat by the fact that stimuli applied to posterior sites were also less 
likely to evoke an electrographic response; but, when only those stimuli that 
evoked an after-discharge are considered, the differential frequency of mental 
phenomena when stimulating different sites is maintained (y? = 19-49; df=6; 
P, 2-tailed, < 0-01), as it is when those stimuli evoking an evoked potential, but 
no after-discharge, are considered separately (42 = 25-77; df=6; P, 2-tailed, 
< 0-001) (the expected frequencies were too low to conduct the x? test on those 
stimuli that evoked neither an evoked potential nor after-discharge). Thus, it 
appears that there is an influence of site upon the probability of evoking mental 
phenomena, independent of the site's electrographic excitability. However, this 
cannot be strictly concluded because of the grossness with which electrographic 
responses were classified; for example, the potentials evoked by stimulation of 
posterior sites may be more restricted spatially than those evoked more anteriorly. 

Conversely, the high probability that stimuli which evoked after-discharges 
would also evoke mental phenomena, noted above, was also inflated by this 
tendency for after-discharges to occur more frequently in anterior sites. However, 
consideration of the relation between evoking mental responses and evoking 
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electrographic responses from these sites individually again yielded probabilities 
less 0-001 in every site (except the posterior hippocampal gyrus, in which the 
expected cell frequencies were too small to apply the x? test). 


TABLE 4. CHARACTERISTICS OF STIMULATIONS THAT EVOKED BACH CATEGORY OF 
MENTAL PHENOMENA 





Repeated behaviour Related to aura? 
Increased ' Same Snmulus Diseased] 
Mental category amperage? parameters! trans! Patient? ER or AD! AD! Left/Right? — Non-diseased* 

Ht 2/3 0/1 0/5 0/3 5/5 4/5 0/4 5/0 

Al 22/30 11/15 31/58 8/15 57/58 36/58 29/29 22/26 
Mo 3/11 0/0 1/14 1/9 10/14 4/14 77 8/6 

Hd 3/11 0/0 117 18 15/17 6/17 Ani 8/4 

C 2/5 1/4 6/13 3/9 13/13 7/13 6/7 6/7 

L 412 2/4 0/17 0/6 15/17 8/17 10/7 5/10 
WB 2/3 1/3 0/9 0/6 8/9 6/9 2/4 3/3 

T 47 2n 0/15 0/8 15/15 9/15 10/4 4/11 

SI 0/1 0 2/8 1/6 5/8 4, 4/4 3/4 
DV 3n 8/10 18/19 4/5 19/19 12/19 4/5 4/4 
Au зп 4/4 9A7 2/6 14/17 WAT 5/6 5/5 

v 3/4 2/2 3/9 1/4 4/9 3/9 2/6 7/2 
D 2/3 3/5 0/9 0/6 9/9 9/9 3/2 3/3 

Ме 10/17 6/8 1/35 1/6 32/35 10/35 14/7 6/14 
OH 1/3 0/0 0/6 0/4 6/6 4/6 0/4 0/3 

E 15/21 10/15 26/35 3/8 35/35 24/35 19/14 22/9 
cf 1/5 1/6 3/18 1/11 18/18 15/18 12/5 5/8 

Ас 0/2 2/5 0/10 07 10/10 10/10 1/2 2/1 

Sz 0/2 2n 0/9 0/6 9/9 9/9 4/5 4/4 

U 42 2/3 0/22 0/9 19/22 7/22 14/4 1/13 

Total A 70/136 41/61 74/267 14/36 238/267 132/267 125/106 97111 
(stimuli that evoked 
a mental: phenomenon) 
Total B (all stimuli) 2287/3495 365/3495 1607/1583 1521/1254 
Chi-square* 718 471 1-74 607 


P, 2-tailed < 0001 0 001 ns 005 


1 Numerator ıs the number of stimulus trains evoking the specified category of mental phenomena and possessing the indicated 
charactenstic The denominator indicates the number of trains which could have possessed this characteristic ? Of those patients 
who experienced the indicated mental phenomenon dunng stimulation, this is the proportion who had previously expenenced 
a similar phenomenon as part of their spontaneous aura. ? Only stimuli applied to right-handed patients were considered for thus 
column * A hemisphere was considered ‘diseased’ 1f it was the electrographic locus of onset of spontancous clinical seizures, the 
contralateral hemisphere was labelled ‘non-diseased’ Patients with generalized or bilateral independent seizure onset were not 
included in this column 5 y? was calculated for the 2 x 2 table of stimulus trains’ characteristict versus charactenstic~, and 
mental phenomenon* vs mental phenomenon-, as calculated from Total A and Total В For key to abbreviations see Table 2 


A tendency to evoke widespread potentials and/or after-discharges was charac- 
teristic of stimulations evoking mental phenomena in each category (Table 4). 
Among these, dream-like hallucinations and amnesia were notable in that these 
phenomena were always accompanied by an after-discharge. The variability of the 
mental response is emphasized by the observation that when the same electrode 
that evoked a particular mental phenomenon was stimulated again with the same 
parameters, in only 41 of 61 cases was a mental phenomenon of the same category 
obtained (Table 4). By this measure, alimentary sensations, hallucinations and 
emotions seemed to have relatively high repeatability when compared with move- 
ments or somzsthetic sensations. 

There was no evidence that any of the mental phenomena was associated 
specifically with stimulation of either the dominant or non-dominant hemisphere. 
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In right-handed patients, stimulation, of either temporal lobe was capable of 
evoking phenomena in each category, provided that that category had been evoked 
at least five times (Table 4). Furthermore, the distribution of all mental responses 
between the two hemispheres did not differ significantly (Table 4). 

The widespread activation that occurred in response to electrical stimuli which 
evoked mental phenomena is further documented in Table 5. In 80 per cent of the 
occasions when an electrode was recorded during a mental phenomenon evoked by 
an ipsilateral stimulation, that electrode was either the stimulating electrode itself 
or it displayed an after-discharge or evoked potential during that stimulation. 
A high percentage was also obtained when applying the same analysis to individual 
electrode sites or individual categories of mental phenomena. On the other hand, 
no category of mental phenomena invariably required the activation of a particular 
structure, without requiring that other structures also be activated. 

Table 6 makes a similar point. There is no apparent tendency for any category 
of mental phenomena to be evoked more easily from any particular site, once the 
general tendency for all mental phenomena to be more readily evoked by anterior 
structures as compared to more posterior structures is taken into account. Note 
also that a larger percentage of thalamic stimulations evoke mental phenomena 
than do medial temporal lobe stimulations (x? = 32:9, df = 1, P, 2-tailed, < 0-001). 
Furthermore, the mental phenomena evoked by thalamic stimulation are different 
than those evoked by medial temporal lobe stimulation (x? — 10:60, df— 1, 
P, 2-tailed, — 0-005), being restricted to simple somesthetic and, perhaps, ali- 
mentary sensations (Table 6). Even within these categories, the sensations evoked 
by thalamic stimulation seemed to be more discrete than those evoked by medial 
temporal stimulation. For example, of 36 medial temporal lobe electrodes where 
stimulation yielded a somesthetic sensation, only 10 yielded sensations that were 
lateralized to one side of the body, and these were about equally ipsilateral (6) 
and contralateral (4). In contrast, all 6 centre median electrodes whose stimulation 
induced somatic sensations yielded lateralized responses. In all cases, the responses 
were contralateral to the stimulating electrode. 

In contrast to the apparent independence of category of mental phenomena 
from the anatomical site stimulated, examination of Table 7 indicates that the 
frequency of different categories of mental phenomena varies greatly among the 
patients. In any given patient, most mental phenomena were confined to one or 
two categories, and most of the reports in any single category were obtained from 
three or fewer patients. The hypothesis that the category of mental phenomenon 
elicited was related to whom one was stimulating, but not where (within the mesial 
temporal lobe), was tested using the x? statistic. 


First, the expected frequency of the individual cells was increased by combining categories as follows: 
Ht-- Al, Mo, Hd-- C--L-- WB, T, SI, DV, Au, V, D-+Me--OH, and E. The evoking of a seizure may 
imply a tendency toward hypersynchrony in a particular anatomical structure or patient, but gives no 
information regarding what mental function may be particularly associated with that structure or patient 
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Similarly, confusion and amnesia constitute relatively global disruptions of thinking that are nearly 
always accompanied by widespread after-discharges within the ipsilateral temporal lobe (Table 6). These 
categories thus seemed a priori to depend on the strength of the electrographic response rather than upon 
the particular patient or location stimulated, and therefore they were excluded from this analysis. 
Unclassified reports of mental phenomena were also not included. In order to assure the independence 
of the different observations, each electrode (rather than each stimulus train) was considered to con- 
stitute an individual observation. An electrode was classified under a certain category of mental 
phenomena if at least one of the stimulations of that electrode elicited that category. If more than one 
category of mental phenomena was evoked by stimulation of the same electrode, it was classified under 
the category which occurred with the largest number of stimulations. In this manner, Tables were con- 
Structed of (amalgamated) category of mental phenomena versus site stimulated, and (amalgamated) 
category versus patient stimulated, and y? was evaluated for each Table. Since the expected cell frequencies 
were still too small for the direct application of the y? test (Siegel, 1956), a modification (Haldane, 1939) 
giving the exact variance and expected mean of y? for tables with small expected frequencies was used. 
This test confirmed the hypothesis that the category of mental phenomena obtained was related to the 
particular patient stimulated (x? = 386-9, E(x?) = 227:3, V(37) - 411, Z— 7:87, 2-tailed P< 0-005) 
and failed to find any relation between anatomical site stimulated and mental phenomenon obtained 
(x? = 43-7, E(x?) = x? = 54:6, V(x?) = 101-0, Z = 1-08, 2-tailed P = 0:28). 


One possible factor responsible for the relation between the category of evoked 
mental phenomena and the patient stimulated may be the personality of the patient. 
We reasoned that if this were true, then patients who experienced fear or anxiety 
(Category E) may score higher on the ‘psychesthenia’ (Pt) subscale of the Minnesota 
Multiphasic Personality Inventory (MMPI). This expectation was confirmed at 
the 0-05 level by the Mann-Whitney U test (Siegel, 1956) applied to the 20 patients 
for whom MMPI scores were available. Similarly, patients with memory-like or 
dream-like hallucinations scored higher (P <0-01) on the ‘schizophrenia’ (Sc) 
subscale. 


Relation of Mental Phenomena to Epileptic Pathology 


The proportion of stimulations which evoked mental phenomena similar to the 
patient’s aura varied among the different categories (Table 4). Somatic sensations 
(Hd, L, WB), movements (Mo) and hallucinations (D, Me, OH) were almost never 
similar to auras, whereas alimentary sensations (Al) and emotions (E) often were. 
Déjà уи (DV) nearly always occurred in patients who experienced déjà vu as part 
of their aura. 

When all evoked mental phenomena similar to the patients’ spontaneous auras 
are considered together, they constitute 35 per cent of the mental phenomena 
evoked by stimulation of the temporal lobe ipsilateral to spontaneous clinical 
seizure onset (‘diseased lobe’), but only 17 per cent of mental phenomena reported 
during stimulation of the contralateral temporal lobe (у? = 8-78, df = 1, 2-tailed P 
« 0-01). However, the number of patients who reported an aura-like mental 
phenomenon upon stimulation of their diseased temporal lobe was equal to the 
number who reported an aura-like mental phenomenon upon stimulation of the 
non-diseased lobe. Of 15 patients who reported an aura-like mental phenomenon 
upon stimulation, 2 had bilateral foci, 7 reported aura-like mental phenomena upon 
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. stimulation of either hemisphere, and 3 reported aura-like mental phenomena 
upon stimulation of only the non-diseased hemisphere. Sixty-eight per cent of the 
stimulations which evoked mental phenomena similar to the stimulated patient's 
spontaneous aura also evoked an after-discharge, whereas only 27 per cent of 
other evoked mental phenomena were accompanied by after-discharges (x? = 33-8, 
df — 1, 2-tailed P < 0-001). 

The proportion of all stimulations of the diseased temporal lobe which evoked 
mental phenomena was smaller (6-4 per cent vs 8-9 per cent) than the proportion 
for the contralateral side (у? = 6:11, df — 1, 2-tailed P < 0-02). When a unilateral 
after-discharge was evoked, it more commonly led to amnesia if it occurred in the 
non-diseased lobe (7/35) than if it occurred in the diseased lobe (2/67) (x? = 8:26, 
df — 1, 2-tailed P — 0-01). 


DISCUSSION 


Categories of Mental Phenomena Reported 


Most of the mental phenomena reported by our patients during temporal lobe 
stimulation could be categorized as a hallucinated image or scene, an emotion, 
usually fear or anxiety, a visceral sensation, usually epigastric, or an unformed 
sensory sensation (visual, auditory, or somesthetic). These mental phenomena 
correspond closely to those reported by patients in other extensive series of medial 
temporal lobe stimulation (Baldwin, 1960; Van Buren, 1961). Although Penfield 
and Jasper (1954) mainly stimulated the lateral temporal neocortex, the mental 
phenomena reported here were also similar in phenomenology and frequency to 
their observations. It is interesting to note, however, two mental phenomena which 
were not evoked in our patients. Olfactory sensations have occasionally been 
evoked by stimulation of the hippocampus or amygdala (Chapman, 1960; Jasper 
and Rasmussen, 1958; Pampiglione and Falconer, 1960; Van Buren, 1961); our 
patients did not report olfactory sensations. This correlates with the absence of 
unit changes in the human hippocampus, hippocampal gyrus, and basolateral 
amygdala during olfactory stimulation (Halgren, Babb, Rausch and Crandall, 
1977). 

Other authors (Ervin, Mark and Stevens, 1969; Heath and Mickle, 1960; King, 
1961; Stevens, Mark, Ervin, Pacheco and Suematsu, 1969) have provided detailed 
descriptions of a small number of patients who experienced long-lasting intense 
feelings of ‘rage’ or of well-being after temporal lobe stimulation. In accord with 
the findings of most other authors (for example, Mullan and Penfield, 1959), these 
feelings, and the equally long-lasting electrographic changes that accompanied 
them, did not occur in our series. Only one of nearly 3500 stimulations was 
associated with even a controllable feeling of anger. Perhaps this contrasting result 
was due to differences in the patient populations; aggression has been reported 
to be evoked only in 'aggressive patients' (Kim and Umbach, 1973) and intense 


HUMAN TEMPORAL LOBE STIMULATION 103 


pleasure only in patients under intense pain (Heath, John and Fontana, 1968). We 
did not implant electrodes in patients with these characteristics because of their 
poor prognosis of tolerating or benefiting from the implant procedure within our 
programme. However, it also should be noted that even in a study of patients 
implanted with electrodes primarily to control 'assaultive behaviour' possibly 
resulting from psychomotor epilepsy, no aggressive feelings could be evoked by 
stimulation of the amygdala (Chapman, 1960). An alternative explanation for the 
lack of long-lasting mental changes in our patients may lie in the stimulus con- 
figuration. We used exclusively the Lilly wave-form, which consists of two short 
pulses of opposite polarity (see Methods). Sem-Jacobsen (1968), based on very 
broad experience with different wave-forms, concluded that long-lasting mental 
or EEG changes are only evoked by monophasic stimuli at current levels high 
enough to cause tissue damage. Heath's group has reported obtaining strong, long- 
lasting emotional responses with both monophasic and biphasic stimulation using 
a variety of wave-forms. However, in order to obtain a clinical response using the 
Lilly wave-form, Heath and Mickle (1960) reported that a current of 70 mA was 
necessary. Subsequent studies (Brown, Babb, Soper, Lieb, Ottino and Crandall, 
1977; Pudenz, Bullara, Jacques and Hambrecht, 1975) have indicated that the 
charge density necessary to pass this large current would probably result in tissue 
damage, regardless of the wave-form used. 


One behaviour which was noted in this study and has only been occasionally reported by other studies . 
(Feindel, 1961; Jasper and Rasmussen, 1958) was non-ictal motor phenomena. Most of these reports 
in our study were of dubious validity, given the high spontaneous rate one may expect of twitches, 
especially in an expectant patient. Interpretation of these responses as false-positives is consistent with 
the low level of repeatability of reports in this category, as compared with mental phenomena tn other 
categories. It 1s also possible, however, that the motor activity was related to the temporal lobe stimula- 
tion. In rat, cat, and rhesus monkey, direct projections exist from the central nucleus of the amygdala 
to the pontine and mesencephalic tegmentum (Hopkins, 1975). Localized lesions of this amygdaloid 
nucleus in rats results in a permanent motor inco-ordination (Box and Mogenson, 1975). Disruption of 
motor activity has also been reported during stimulation of the rat dentate gyrus (Bland and Vanderwolf, 
1972). It 1s possible that the implied motor involvement of the medial temporal lobe would only be 
expressed during stimulation as a disruption of ongoing motor activity, and thus, since our patients were 
stationary at stimulus onset, we would not have observed the motor effect. 


Comparison with Effects of Stimulating Specific Sensory Areas 


The somesthetic sensations evoked by stimulation in the region of the centre 
median nucleus in our study were more discrete, simple, consistent and repeatable 
than those evoked by medial temporal lobe stimulation. It seems likely that sensa- 
tions were evoked by presumed centre median stimulation when current spread to 
the adjacent (Talairach et al., 1957) nucleus ventralis posterior lateralis thalami, 
the specific somzsthetic relay nucleus. These contrasts are even clearer when the 
characteristics reported here of medial temporal lobe stimuli which evoked mental 
phenomena are compared with the characteristics reported elsewhere for stimula- 
tion of the primary visual or somatosensory cortex. Sensations may be evoked 
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from primary sensory cortex with relatively weak stimuli, whereas stimuli that did 
not evoke widespread responses or after-discharges were seldom effective in the 
medial temporal lobe. Stimulation of electrodes only a few millimeters apart in 
primary sensory cortex will reliably evoke sensations that are distinguishable in 
a predictable manner (Brindley and Lewin, 1968; Dobelle, Mladejovsky and 
Girvin, 1974; Pollen, 1975), whereas medial temporal lobe stimulations centi- 
metres apart often evoked the same mental phenomenon. Stimulation of a given 
anatomical locus within primary sensory cortex will evoke similar sensations in 
a very reliable manner from patient to patient (Brindley and Lewin, 1968; Dobelle 
et al., 1974; Libet et al., 1964; Pollen, 1975), whereas stimulation of a given 
anatomicalsite in the medial temporal lobe usually evoked no mental phenomenon. 
If one was evoked, it may have belonged to any of a wide variety of categories. 
Clearly, these strong contrasts between the mental effects of primary sensory cortex 
versus medial temporal lobe stimulation imply that different mechanisms are 
involved in their production. 

In considering this mechanism by which mental phenomena are evoked, we 
must first realize that every mental phenomenon occurs within a total experience 
(James, 1890) that probably has a diffuse, widespread cortical substrate. Even 
reported elementary sensations are interpreted verbally and nonverbally, cog- 
nitively and emotionally, with respect to remembered instructions, and to pre- 
viously and simultaneously occurring sensations of different modalities. The 
context of the mental phenomenon may also include unrelated emotions, cog- 
nitions, and sensations. The study of disconnection syndromes in humans has 
indicated that these varied processes can only be applied to information that has 
anatomical access to widespread cortical areas (Geschwind, 1965a, b; Sperry, 
1974). The total experience within which an evoked mental phenomenon occurs 
must therefore have a diffuse neural representation. Stimulation of the specific 
sensory cortex apparently only determines the elementary sensation evoked; as 
with natural stimulation, the interpretative and other mental phenomena com- 
prising the total experience may vary from stimulation to stimulation. Indeed, we 
may speculate that because elementary sensations ordinarily occur under natural 
conditions only when a restricted locus on the receptor surface (retina or skin) is 
stimulated, and the neural projections of these receptors remain spatially restricted 
for several synapses before significantly dispersing to other cortical regions, that 
stimulation of these projections before they disperse would evoke a similar sensa- 
tion to stimulating the associated receptor surface. In other words, direct electrical 
activation of sensory cortex neurons imitates the neural, and thus the mental, 
consequences of an elementary sensory stimulus. 

In contrast, the types of mental phenomena which were reported by our patients 
during temporal lobe stimulation would not ordinarily be associated with a 
restricted locus on a sensory surface or with any other single determinant. For 
example, fear may be evoked by sensory stimuli of all modalities and degrees of 
complexity, by visceral events, by memories, and by hormonal changes. There 
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is no reason to suppose, then, that its neuronal representation is all connected, 
more or less directly, with a restricted cortical locus, as there is for a visual phos- 
phene, which has a very restricted determinant. Furthermore, hallucinations of 
complete scenes, emotional states such as fear, and cognitive interpretations of the 
present environment, such as déjà vu, are more global than simple sensations, in 
the sense that they specify more of the content of an experience. For example, 
an hallucinated scene not only determines much more of the visual field than does 
a visual phosphene, it also is often accompanied by related sensations in other 
modalities, by appropriate emotions, or by a characteristic cognitive interpretation 
and restriction of attention. That is, the neural substrate of an evoked hallucination 
involves more cognitive abilities and thus presumably is more diffuse cortically 
than the neural substrate of an elementary sensation. The problem of describing 
how temporal lobe stimulation evokes mental experience is thus one of determining 
how a punctate electrical stimulus can activate a diffuse set of neurons that we have 
no reason to believe are pre-connected to any discrete anatomical locus. 


Mechanisms through which Electrical Stimulation may Evoke Mental Phenomena 


There appears to be two possible mechanisms that may work alone or in com- 
bination when medial temporal lobe stimulation activates these diffuse circuits. 
The widespread neuronal response to electrical stimulation may temporarily 
prevent the medial temporal lobe from performing its normal processing and 
transformations of neuronal activity. In addition to the directly resulting deficits 
observable behaviourally, monitoring by the remaining intact brain may result 
in a report of the lost mental processes, or may by interacting with ongoing pro- 
cesses indirectly evoke other mental phenomena. Amnesia and confusion, which 
usually, in our experience, were associated with after-discharges, may be examples 
of incapacitation. On the other hand, electrical stimulation may antidromically, 
orthodromically, and transynaptically excite neural elements afferent and efferent 
to the medial temporal lobe. Mental phenomena evoked.in this fashion may 
in some sense represent a caricature of medial temporal lobe function. For 
example, bilateral lesions of the hippocampal formation in man are well known 
to severely impair the recall of recent memories (Milner, 1968). Recent evidence 
further suggests that some neurons in the hippocampal gyrus are activated 
during the recall and recognition of recent memory (Halgren, Babb and Crandall, 
1978). A greatly increased outflow from the hippocampal gyrus, such as may occur 
with medial temporal lobe stimulation, may then be interpreted by the rest of the 
brain as an extreme feeling of recognition for all present stimuli, or déjà vu. 


It seems likely that the visceral sensations evoked 1n our patients were also due to a direct activation 
of the neural networks associated with such sensations. Both the hippocampus (Valenstein and Nauta, 
1959) and the amygdala (Dreifuss, 1972; de Olmos, 1972) project strongly to hypothalamic areas 
involved in food regulation, and units in both areas are influenced by electrical stimulation of the vagal 
nerve (Radna and MacLean, 1976). An alternative possibility 1s that these visceral sensations were 
evoked indirectly Viscero-motor responses to hippocampal formation and amygdala stimulation have 
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been observed in animals (Kaada, 1951, 1972). However, a study by Van Buren (1963) reported that 
autonomic sensations evoked by medial temporal lobe stimulation in humans are usually not associated 
with observable modifications of visceral activity. 


Unformed Visual Hallucinations 

The unformed visual sensations evoked by medial temporal lobe stimulation probably did not result 
from spread of current to the optic tract, which lies immediately medial to the temporal lobe, nor to the 
optic radiation, one arm of which (the loop of Meyer: Crosby, Humphrey and Lauer, 1962) courses in 
the white matter relatively close to the posterior hippocampal gyrus. First, there was no predilection 
in our study for unformed visual responses to be localized to posterior structures. Second, Adams and 
Rutkin (1970), who stimulated both the visual radiation and the hippocampal formation, found clear 
differences 1n the types of visual sensations evoked from the two areas; visual radiation stimulation 
evokes simple visual sensations (i.e., phosphenes) whereas hippocampal stimulation evokes unformed 
visual sensations (e.g., coloured balls, flashing lights) similar to those reported here. 

Furthermore, clear anatomical and physiological evidence exists for visual input to the hippocampal 
formation and amygdala of animals and humans. In the squirrel monkey, units are found in the hippo- 
campal gyrus posterior to the entorhinal cortex (areas TF and TH of von Bonin and Bailey, 1947), that 
respond to flashes and to tonic visual stimulation. Areas TF and TH receive direct connections from the 
lateral geniculate body, inferior pulvinar nucleus (MacLean and Creswell, 1970), circumstriate cortex, 
and inferotemporal cortex (Jones and Powell, 1970). Areas TF and TH project to the entorhinal cortex 
(Van Hoesen and Pandya, 1975) which in turn projects to the hippocampus. The inferotemporal cortex 
may also provide visual input via its direct projections to the amygdala and to the perirhinalcortex (Jones 
and Powell, 1970; Van Hoesen and Pandya, 1975). The perirhinal cortex in turn sends fibres to the 
entorhinal cortex and hippocampus (Van Hoesen and Pandya, 1975; Seltzer and Pandya, 1976). 
MacLean (1975) failed to find neurons responsive to flashes in the entorhinal cortex, hippocampus, or 
amygdala of squirrel monkeys. However, such responses have been reported to occur in humans by 
Babb, Halgren and Crandall (1976). Responses were especially frequent in the posterior hippocampal 
gyrus. Thus, it seems likely that the unformed visual sensations reported by our patients were due to 
activation of medial temporal lobe areas intimately related to visual perception, rather than from current 
spread directly exciting the optic tract or radiation. 


Complex Hallucinations 


_ The hallucinations of visual scenes reported by our patients may have resulted from an interaction 
between the disruptive and the activating effects of temporal lobe stimulation. Penfield and Perot (1963), 
whose patients reported similar hallucinations upon temporal stimulation, considered the hallucinations 
to arise exclusively via an activation of temporal lobe-centrencephalic circuits associated with a specific 
memory. Mahl et al. (1964) in contrast, suggested on the basis of a single patient that hallucinations were 
evoked when temporal lobe stimulation disrupted normal cognitive mentation orientated toward reality 
(in Freudian terms, secondary process), thus permitting images representing current psychological 
concerns (or primary process) to emerge into consciousness, in a manner analogous to dreaming. 
Horowitz et al. (1968) offer a more general formulation, suggesting that temporal lobe stimulation may 
induce a state of mind favourable for the experience and reporting of internally generated images, no 
matter what the source—memory, emotional concerns, or simple visual hallucinations simultaneously 
induced. Our observation that hallucinations of scenes were always accompanied by wide-spread dis- 
ruption of medial temporal lobe electrical activity supports these theories in their postulation of a role 
of disruption in the etiology of complex hallucinations induced by stimulation. Furthermore, hallucina- 
tions which were described by our patients as like a dream, cartoon, or television programme, were 
more likely to be associated with after-discharges than were other hallucinations, described as like a 
memory. This observation suggests that the degree of perceived unreality associated with an hallucina- 
tion 1s partially a function of the degree of temporal lobe disruption. 
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Our studies do not indicate areas in which it is critical for disruption to occur in order that a hallucina- 
tion will be evoked. It is interesting, however, to note that two other conditions associated with hallucina- 
tions, natural dreaming and LSD, are also associated with a profound disruption of hippocampal 
neuronal activity. Hallucinations and other effects of LSD (Grof, 1975; Masters and Houston, 1967; 
Siegel and Jarvik, 1975) appear to be similar 1n several respects to those evoked by temporal lobe 
stimulation. This phenomenological similarity implies that, although differing in primary mechanism, 
these hallucinations may ultimately be correlated with similar brain states. After low to moderate doses 
of LSD, the hippocampal EEG displays an often profound flattening interspersed with paroxysmal 
waves in rabbits (Baran and Longo, 1964; Brucke, Gogolak and Stumpf, 1961), cats (Adey, 1969), and 
humans (Chapman, Walter, Adey, Crandall, Rand, Brazier and Markham, 1962; Monroe, Heath, 
Mickle and Llewellyn, 1957). Hippocampal unit activity displays parallel changes in rabbits. Most 
hippocampal neurons in rats (Ranck, 1973) and in humans (Ravagnati, Halgren, Babb and Crandall, 
1977) are also profoundly inhibited during paradoxical sleep, which, at least in humans, is characterized 
by vivid visual hallucinations (Freemon, 1972). The temporal lobe 1s not only profoundly affected during 
hallucinations, it may also be necessary for their occurrence. The behaviours which suggest that chim- 
panzees hallucinate under LSD are no longer seen after bilateral temporal lobectomy (Baldwin, Lewis 
and Bach, 1959). In contrast, frontal lobectomy does not noticeably alter LSD-induced behaviour in 
chimpanzees (Baldwin et al., 1959) or humans (Holden and Itil, 1970). 

We may combine these two lines of evidence, that the critical area disrupted during induced hallucina- 
tions is the hippocampus, and that these hallucinations emerge as a result of disrupted control by 
reality-orientated cognition over mental contents, into the speculation that the hippocampus functions 
normally in some aspect of this control. This speculation appears to be at least consistent with several 
other bodies of evidence. As reviewed by Douglas (1967), most hypotheses of hippocampal function 
derived from animal experiments assign it a role in the inhibition of various processes, including 
attentional or motivational responses to stimuli (internal inhibition: Douglas, 1975), and inappropriate 
behavioural hypotheses (Kimble, 1975). An involvement in ‘control’ is also suggested by the strong 
projection of the prefrontal cortex, which seems to have an executive role in behaviour (Luna, 1966; 
, Nauta, 1971), to the hippocampus (Leichnetz and Astruc, 1975; Nauta, 1971; Van Hoesen, Pandya 
and Butters, 1975). Recently, human hippocampal neurons have been discovered which are most active 
during activities which, because of their complexity, painfulness, or transitional nature, appear to 
require greater conscious control for their execution (Halgren, Babb and Crandall, 1978). 

Horowitz, Adams and Rutkin (1968) hypothesized that the hallucinations of formed images develop 
from the activation of unformed visual sensations (see above) on the background of a receptive mental 
state resulting from temporal lobe disruption. They proposed that the ongoing motivational dynamics 
of the patient would provide expected images, which would be chosen among, according to their-con- 
cordance, with the unformed visual sensations. We also support a role for the neural circuits directly 
activated by temporal lobe stimulation in the selection of the hallucinated 1mage. However, we propose 
that the directly activated circuits may be those underlying perception of formed visual images, as well 
as the unformed sensations discussed by Horowitz. This contention is supported by the powerful 
projections of visual association cortex to the hippocampal gyrus and amygdala and by the apparent 
responsiveness of neurons in these areas to specific visual images. Jacobs and McGinty (1972) and 
O’Keefe and Bouma (1969) have reported neurons in the basolateral nuclear complex of the cat amygdala 
that responded only to the sight of a mouse or rat, or to other complex sensory stimuli. Similarly, 
Halgren, Babb, and Crandall (1978) have observed a neuron in the human hippocampal gyrus that only 
fired when the patient was answering questions regarding his hospital room and ward. These con- 
siderations, and the observation that none of our patients reported that their hallucinations of complex 
images were preceded by, or developed out of, unformed visual hallucinations, suggests that the specific 
hallucination experienced may result, in part, from the direct activation by electrical stimulation of 
neuronal circuits associated with specific complex images. The image-circuits so activated may interact 
and overlap with other image-circuits activated as a result of the patients’ ongoing emotional concerns. 
The resulting image, escaping suppression by an incapacitated hippocampus, may then be perceived. 
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Anxiety or Fear 

As with hallucinations, both the disruption and the activation produced by stimulation of the medial 
temporal lobe may be involved in evoking the feelings of anxiety or fear reported by our patients. One 
may question whether the vast preponderance of anxiety or fear over other types of emotions implies 
that the medial temporal lobe 1s somehow a centre for this emotion. A consideration of current theories 
of anxiety suggests other possibilities. Many theories propose that anxiety arises in situations that pose 
a threatened dissolution of the ego (Fischer, 1970). If that were the case, then disruption of the medial 
temporal lobe would result in anxiety if it played an essential role in the normal functioning of the ego, 
at least in these patients. Alternatively, the direct and indirect excitation of hypothalamic and tegmental 
structures may be interpreted by the ego as unemployed libido which, according to Freudian theories, 
18 responsible for ‘neurotic’ anxiety (that is, anxiety not related in a realistic manner to a specific external 
object or situation). Possibly this libido was related to a specific drive (aggression, hunger, sexual) which 
was not recognized because of the lack of a suitable object in the restricted environment in which the 
stimulation took place. : 

Various uncontrolled studies (reviewed by Robin and Macdonald, 1975) have reported that severing 
the connections between the frontal lobe and the dorsomedial thalamic nucleus, or severing the cingulum 
bundle, in man, results in a decrease in the intensity and frequency with which anxiety is experienced. 
Since both the cingulum bundle (White, 1959) and the dorsomedial thalamic nucleus (Krettek and 
Price, 1974; Lammers, 1972) possess reciprocal connections with the medial temporal lobe, it is interesting 
to speculate that some part of the frontal lobe may monitor the activity of the medial temporal lobe, and 
may respond to a disorganization and/or heightened level of such activity with a response that ultimately 
results in the experience of anxiety. This speculation is in line with other evidence assigning a monitoring 
role to the frontal lobes alluded to earlier. Perhaps the strongest conclusion that can be drawn from this 
variety of possible mechanisms 1s that, in our present state of ignorance of psychology and physiology, 
any conclusion regarding the localization of a complex behaviour is highly tentative at best. 


Factors Selecting Mental Response 


As noted above, the mental phenomena elicited by stimulation were usually 
associated with widespread disruption of the medial temporal lobe, were highly 
variable, and had low reproducibility. These characteristics suggested that the 
mental phenomena were evoked not by focal activation of a neuronal system but 
as result of a disruption of the function of the medial temporal lobe, and/or as 
a result of a partial activation of a diffuse neuronal system. The latter mechanisms 
do not postulate a direct activation of the neuronal substrate of some conscious 
experience, but rather that the ongoing activity of the rest of the brain is altered 
by the medial temporal stimulation, which in turn may or may not be significant 
. enough to result in a change in the ongoing conscious contents. The direction of this 
change would be partially determined by the spontaneous neural patterns present 
at stimulus onset, which may be a function of the patients' ongoing.concerns, his 
environmental situation, and the effects of previous stimulations. Another set of 
factors determining the type of mental phenomenon evoked would be the path- 
ways by which the stimulation could affect the ongoing activity. These pathways 
could be relatively fixed, or could be partially a function of the patient's basic 
personality structure or his epileptic pathology. Most of the above factors would 
have large components specific to each patient. In contrast, the necessity for 
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affecting large areas of tissue with the stimulation in order to evoke a mental 
phenomenon would suggest that the particular anatomical site stimulated in order 
to evoke the widespread disruption would be of relatively small importance. We 
may conclude that the characteristics of the stimulations evoking mental pheno- 
mena predicts, as we observed, that the significant variables determining whether 
a particular response was obtained would tend to be associated with the specific 
patient who was stimulated rather than with the anatomical locus of stimulation. 

We can make no firm judgement as to which of the many variables associated 
with each patient was of greatest significance for selecting the evoked mental 
phenomenon. The physical environment in which the patients were stimulated 
was held constant from patient to patient, and so presumably was not a significant 
source of variability. The similar relative frequencies of different mental phenomena 
upon stimulation of the diseased as compared to the contralateral temporal lobe 
suggests that the epileptic pathology may also not have been a deciding factor. 
A possible exception may be déjà vu. Eighteen of the 19 déjà vu experiences occurred 
in patients who had previously experienced déjà vu as a part of their aura, but since 
in these patients déjd vu could be evoked from the non-diseased hemisphere without 
evoking potentials in the region of the contralateral focus, it seems unlikely that 
déjà vu was the result of secondary activation of this focus. Rather, the patients' 
predisposition to experience déjà vu must be viewed more generally, perhaps even 
as related to a personality structure that predisposed them to experience déjà vu 
as an aura. 

In any case, the only patient-related variable which we observed to be clearly 
related to the type of mental phenomenon evoked was their scores on various sub- 
scales of the Minnesota Multiphasic Personality Inventory (MMPI). Patients who 
experienced evoked emotions, usually anxiety or fear, scored higher on the 'psy- 
chesthenia’ (pt) scale than other patients. A characteristic of the patients who were 
used in order to select items for the construction of this scale was their anxiety and 
tenseness (McKinley and Hathaway, 1956). Patients experiencing dream-like or 
memory-like hallucinations scored higher on the ‘schizophrenia’ scale. In view of 
the limitations of a true-false test in describing adequately a human personality, 
we consider it premature to deduce from these results the personality characteristics 
of patients who experience anxiety or hallucinations upon temporal lobe stimula- 
tion. This data does, however, provide preliminary evidence that such charac- 
teristics exist and suggests the directions in which they may be sought. 


Clinical Usefulness 


An aura-like mental phenomenon was evoked from the temporal lobe contralateral to the electro- 
graphic focus in as many patients as it could be evoked from the diseased lobe. This would seem to 
indicate that the evoking of an aura by electrical stimulation should not be used as a primary criterion 
for localizing the epileptic focus. However, since the percentage of the total number of evoked mental 
phenomena that were aura-like was higher in the diseased lobe, the evoking of an aura-like mental 
phenomenon may provide some lateralizing information, if both lobes are stimulated. 
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The lower frequency of all evoked mental phenomena upon stimulation of the diseased lobe as com- 
pared to the non-diseased lobe was not of sufficient magnitude to be of direct clinical relevance. This 
Observation is of interest, however, in that it correlates with other studies of the same series of patients 
indicating a lower frequency of evoked potentials and after-discharges upon stimulation of the diseased 
lobe (Cherlow, Dymond, Crandall, Walter and Serafetinides, 1977), and a lower incidence of active 
neurons when recording from the diseased hippocampus as compared to the contralateral hippocampus 
(Babb and Crandall, 1976). The probable cause of this relative inexcitability appears to be the histo- 
logically demonstrable lack of neurons in areas affected by hippocampal sclerosis (Brown, 1973; the 
Scheibels, 1973). 

The principal clinical goal of the more recent stimulations reported here was to evaluate the effect 
of unilateral after-discharges on memory function in order to gauge the contribution of the simulated 
region to memory function. The presence of amnesia during an after-discharge confined to one temporal 
lobe would strongly indicate against the surgical removal of that lobe. Our findings were consistent with 
this clinical use of electrical stimulation; amnesia was demonstrable after unilateral after-discharges, 
particularly if the after-discharge occurred in the non-diseased temporal lobe. 


SUMMARY 


Of 3495 stimulations of the medial temporal lobe of 36 psychomotor epileptics, 
267 were accompanied by reports of mental phenomena, including hallucinations 
of complete scenes, déjà vu, anxiety, visceral sensations, amnesia, and unformed 
sensory experiences. Olfactory and frankly aggressive responses were not observed. 
The factors selecting whether a particular stimulus would evoke a mental pheno- 
menon, and which category of mental phenomena would be evoked, could be 
explored because of the similarity across patients of the anatomical loci and proto- 
cols of stimulation. In general, a widespread electrographic response was necessary 
but not sufficient for an experiential response to occur. That is, 89 per cent of 
evoked mental phenomena were accompanied by an evoked potential (EP) and/or 
after-discharge (AD), but only 10 per cent of those stimuli that evoked an EP 
and/or AD also evoked a mental phenomenon. In contrast, only 2 per cent of 
stimuli that evoked neither an EP nor AD evoked a mental phenomenon. Contra- 
lateral EPs were rare. Anterior electrode sites, and sites coritralateral to the focus, 
had a higher frequency of both electrographic and mental responses. The category 
of mental phenomenon was not related to the anatomical site, however, but rather 
to patient-specific variables. Patients reporting fear scored higher on the ‘psyches- 
thenia’ subscale of the Minnesota Multiphasic Personality Inventory (MMPI, 
and patients experiencing hallucinations scored higher on the ‘schizophrenic’ 
subscale than did the other patients. Our findings suggest that, in contrast to the 
primary visual or somatosensory areas, where the evoked mental phenomena are 
highly predictable and are closely related to the anatomical site, the mental 
phenomena evoked by medial temporal lobe stimulation are idiosyncratic and 
variable, and are related to the personality of the patient stimulated. 
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TRIGEMINAL FALSE LOCALIZING SIGNS 
AND THEIR CAUSATION 


by J. E. A. O'CONNELL! 


(From the Department of Neurological Surgery, St. Bartholomew's Hospital, London, EC4) 


INTRODUCTION 


TRIGEMINAL disturbance occurring in association with unrelated intracranial 
tumours is a well recognized though not frequent occurrence. The mechanism of 
its production is not usually apparent, since during surgery for the removal of the 
neoplasm the affected trigeminal nerve is outside the operative field. In this com- 
munication four personally treated patients with such signs are described with 
details of the radiological investigation and operative findings. Several anatomical 
observations are discussed: the relatively large size of the tentorial incisura com- 
pared with that of the foramen magnum; the relatively small size of the subtentorial 
as compared with the supratentorial portion of the cranial cavity; the irregularly 
spherical shape of the posterior fossa; and the anatomy of the trigeminal sensory 
root, unusual in its course and unique in the change in its direction which occurs 
at its midpoint as it traverses the foramen of exit from Meckel's cave. On the basis 
of these observations an explanation for the occurrence of trigeminal false localiz- 
ing signs is suggested: this may also explain why the signs are associated with 
extrinsic rather than intrinsic posterior fossa tumours. The mechanism of the 
widespread parzsthesiz which may occur in cases of this type is differentiated from 
that responsible for isolated trigeminal disturbances. 

Although a considerable number of valuable accessory methods of investigation 
are now available for the diagnosis and localization of intracranial masses, the 
primary approach remains the clinical one. Collier (1904) described false localizing 
signs in patients with intracranial tumours; that is neurological disturbances 
arising in structures unrelated to the tumour and therefore not explicable on the 
basis of compression by it. At the time his paper was a warning to clinicians when, 
in view of the absence of the diagnostic tests now possible, accurate clinical 
diagnosis was essential. The subject retains its interest however, since it is not the 
sign but its interpretation which leads to faulty localization. Compression of 
structures related to a tumour is not the sole cause of neurological defects in such 
cases; shifts of the brain may cause clear-cut signs from structures at a distance. 
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Knowledge of the mechanisms of production of such signs may thus lead to a 
better understanding of the effects of tumours upon the cranial contents and the 
remarks which follow are based upon personal experience of a group of patients 
with trigeminal false localizing signs. In his study, Collier related the clinical and 
post-mortem findings in 161 cases of intracranial tumour so that inevitably some of 
the descriptions relate to terminal disease. However, there was much of importance 
for that period almost three-quarters of a century ago: descriptions of the oculo- 
motor and abducens palsies attributed to posterior shift of the brain, notching of 
the cerebral peduncles by the tentorial edge and herniation of the cerebellar tonsils 
into the foramen magnum. 

References in the literature to trigeminal false localizing symptoms and signs 
can perhaps best be separated into two groups—those cases with trigeminal 
neuralgia and those with other disturbances of the function of the fifth cranial 
nerve. These will now be considered separately. According to Parker (1928, 1937), 
the first description of the association of trigeminal neuralgia with a cerebello- 
pontine angle tumour was given by Weisenburg in 1910; he himself described two 
such cases. In an account of seven years’ experience with his posterior fossa approach 
for trigeminal rhizotomy, Dandy (1932) claimed that lesions responsible for the 
neuralgia (tumours, aneurysms, etc.) were present in 30 per cent of cases. Hamby 
(1943) described two personal cases and, indeed, most neurosurgeons will have had 
personal experience of such cases. Of greater relevance to the present communica- 
tion and considerably less frequent than the group described above are those cases 
in which the trigeminal neuralgia is associated with a tumour in the contralateral 
cerebellopontine angle. The first such case was reported by Bonhoeffer (1915); 
Parker (1937) described another and Hamby (1947) two more. In the latter three 
cases it was considered that the trigeminal sensory root was compressed between 
the brain-stem and either the petrous temporal bone or the free edge of the 
tentorium. The second group of cases is that in which trigeminal disturbances, 
other than neuralgia, arise in the presence of an unrelated tumour. Cushing (1917) 
directed attention to this in his description of acoustic neurinomata. In 9 of 30 
patients there was subjective or objective evidence of involvement of the contra- 
lateral trigeminal nerve. In another group of 15 patients with subtentorial meningio- 
mata (Cushing and Eisenhardt, 1938) two had well-marked contralateral trigeminal 
symptoms and signs. He states that similar cases had been recorded by Funkenstein 
(1905) and by Bonhoeffer (1915). In considering the explanations which had been 
put forward for the various contralateral symptoms and signs Cushing felt that 
none of them was entirely satisfactory. He points out, however, that in the case 
of the trigeminal nerve there ‘must be a sharp angulation of the root at its point 
of entry into its tentorial foramen’. D’Errico (1950) described 10 cases of menin- 
gioma of the cerebellar fossa ; 6 of these had trigeminal sensory reduction, ipsilateral 
to the tumour in 3 and contralateral in 3. Castellano and Ruggiero (1953) analysed 
a series of 71 cases of posterior fossa meningioma of which 7 were placed over the 
cerebellar convexity; of the 5 with trigeminal disturbance this was contralateral 
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in 2, ipsilateral in one and bilateral in 2. These symptoms were considered to be 
due to pressure by the tumour through the cerebellum on the trigeminal root or 
roots. Paillas, Pellet, Janny, Tournilhac and Komminoth (1969) described 
7 personal cases in which contralateral cranial nerve disturbance arose in the 
presence of posterior fossa neoplasms; in 6 of these, the trigeminal nerve was 
involved. They review the literature and mention that Wernicke had suggested 
that the root might be subject to pressure on the sharp edge of the dural foramen 
through which it emerges into the posterior fossa. The authors conducted experi- 
ments in the cadaver with artificial tumours. They point out that the trigeminal 
defect occurs only in the presence of tumours of large size and firm consistency 
and that the resulting displacement of the brain-stem is of prime importance in 
occasioning the cranial nerve disturbance. They conclude with the statement that 
an eclectic attitude is best in approaching this problem, more important being an 
awareness of the occurrence of contralateral cranial nerve involvement in the 
presence of posterior fossa tumours. Northfield (1973) suggested that trigeminal 
pain and sensory reduction in the presence of unrelated tumours may be occasioned 
by brain penetration through a deficiency in the dura mater covering the semilunar 
ganglion or a herniation of cerebellum into Meckel's cave. 

Direct observation of the trigeminal nerve affected in patients with these false 
localizing signs will rarely be possible. Where the signs are contralateral to the 
tumour the affected nerve will not be exposed at all; where ipsilateral, the approach 
being a sub-occipital one, the nerve will not be exposed until the tumour has been 
excized and distortions which it had occasioned have been corrected. Therefore 
an explanation of these signs must be based on indirect evidence. That to be 
suggested in this paper is based on clinical experience of a group of patients with 
trigeminal false localizing disturbances and some anatomical observations. It is 
hoped that the review of the relevant literature and the personal observations 
reported may be a contribution towards the elucidation of the problem of the 
mechanism of.the production of the signs. 


CASE REPORTS 


. The records of a personal group of patients with trigeminal disturbance of false localizing portent 
will now be considered. Although detailed radiological reports were available i in all cases destruction 
of some of the films makes their reproduction impossible 


Case 1 С. S., a 42-year-old male clerk was first seen in 1954, Sisi that for six months he had 
had left tinnitus and distortion of telephoned voices in his left ear. Hearing then deteriorated and some 
rotational vertigo developed. There were no other symptoms and on neurological examination the sole 
abnormality was that of the left eighth cranial nerve, there being a very marked hearing loss and an 
absent caloric response. Skull films showed enlargement of the internal auditory meatus on the left 
and a diagnosis of a left-sided acoustic neurinoma was made. As the patient did not wish operation and, 
indeed, it was not considered indicated at the time, he was followed regularly in the outpatient depart- 
ment. After some years he reported occasional recurring paresthesia over the left side of the’ face and 
examination showed slight sensory reduction on this side with a reduced corneal reflex. At this time 
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there was also a transient slight left facial paresis and nystagmus to the left. In 1960 he began to have 
occasional shooting pains in the right face. By 1964 he had clearcut right-sided trigeminal neuralgia 
involving the second and third divisions. He was treated with carbamazepine and responded well. Later, 
when some mild left ataxia appeared, the wisdom of admission for investigation and excision of his 
tumour was raised but the patient still did not wish this. By 1970 his trigeminal neuralgia ceased to be 
controlled by drug therapy and he requested treatment for this but not for his tumour. À section of the 
right trigeminal sensory root was carried out by the temporal approach. His pain was relieved and when 
last seen 1n 1976 he remained well, apart from the left tinnitus ánd deafness. Skull films made at intervals 
over the years have revealed increased erosion of the left internal auditory meatus. 

It is very probable that the tumour in this patient's left cerebellopontine angle is a slowly growing 
acoustic neurinoma producing no symptoms of raised intracranial pressure and having as its essential 
manifestation involvement of the left eighth nerve. It seemed likely that the right-sided trigeminal 
neuralgia was occasioned by this left angle tumour but the mechanism of the involvement was not clear. 


Case 2. J.S., a 45-year-old male factory worker was admitted in 1963, complaining of headache and 
numbness of the right side of his face. Two years previously he developed frontal headache, at first inter- 
mittent and worse in the mornings. It became constant and increasingly severe and vomiting soon 
appeared, also usually in the morning. After a year of these symptoms, numbness of the right face 
developed and persisted. Two months before admission severe vertigo developed and unsteadiness of 
gait appeared, This, too, was worse in the morning and occasioned many falls. Examination revealed 
bilateral papilledema with hemorrhages on the right. There was a horizontal nystagmus, coarser on 
looking to the left, and sensation was reduced in the right trigeminal field. Audiometry and labyrinthine 
tests were normal. The tendon reflexes were brisk and the plantar responses extensor. There was truncal 
ataxia with a tendency to fall backwards. Skull films showed rarefaction of the sellar cortex and an 
erosion of the right occipital squama. Ventriculography revealed an internal hydrocephalus involving 
the lateral and third ventricles; the aqueduct was wide and kinked and slightly displaced to the left; the 
' fourth ventricle was similarly displaced. A right-sided sub-occipital approach was made and beneath 
the bone a layer of extradural tumour was uncovered. À spherical fibroblastic meningioma, 4 to 5 cm in 
diameter and attached to the dura mater a short distance below the lateral sinus was excized. After 
removal of the tumour the nght cerebellopontine angle was carefully explored and the trigeminal sensory 
root appeared entirely normal. The patient made a complete recovery and has remained well. 

The mechanism of production of the ipsilateral subjective and objective right trigeminal sensory 
disturbance was not clear. 


Case 3. B. W-S., an unemployed, 49-year-old spinster, was first seen in 1960 with a number of com- 
plaints. She had been in poor health for four years, complaining of loss of appetite, nausea, headache 
and attacks of dizziness with weakness of the legs, occasioning numerous falls. She had had treatment 
for depression. After three years numbness, followed by aching pain, developed in the left face. Her 
condition deteriorated and she showed early dementia. The finding of papilledema led to her being 
referred for investigation. Examination revealed an anxious, rational woman whose fundi showed high 
bilateral papilleedema with hemorrhages, consecutive optic atrophy and greatly reduced visual acuity. 
There was a horizontal nystagmus to both sides and reduction of all forms of sensibility in the left 
trigeminal area. The lower limb tendon reflexes were brisk and the plantar responses probably extensor. 
The gait was unsteady but Romberg's sign was negative. Skull films showed decalcification of the 
posterior clinoid processes and ventriculography (fig. 14 and B) an internal hydrocephalus with dis- 
placement of the aqueduct forwards and to the left, as also of the fourth ventricle which was slightly 
elevated. A right-sided sub-occipital exposure was made and marked dural tension revealed. A firm 
tumour was exposed and its centre quickly removed to reduce tension: histological examination showed 
it to be a fibroblastic meningioma. The large globular mass was separated from the cerebellum inferiorly 
and laterally. Superiorly it was in contact with, but not attached to, the tentorium cerebelli. Medially it 
had an extensive attachment to the falx cerebelli which it had perforated to embed itself in the medial 
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Fic. 1. Case 3. ^ and в, myodil ventriculogram 
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portion of the left cerebellar hemisphere. Superiorly it was attached in the angle between the tentorium 
and the dura mater over the cerebellum. Total excision was effected and the area of attachment cauterized. 
Post-operative progress was good although vision remained severely impaired. Three years later there 
was a considerable general improvement including that of the vision in one eye. The patient still com- 
plained of slight pain in the left side of the face and sensation remained reduced in the second and third 
division territory of this side. 

The mechanism of production of the contralateral trigeminal disturbance in this case was not clear 
and it is noteworthy that it persisted, though diminished, following removal of the growth, although the 
patient was much improved in all other respects. 


Case 4. R. D-B., a 33-year-old housewife, was first seen in 1964. She had been well apart from two 
transient attacks of loss of consciousness twelve and five months prior to the development of the 
symptoms which caused her to be referred; the attacks had been regarded as syncopal. She considered 
that her illness commenced nine months before she came to hospital with attacks of long-lasting frontal 
headache occurring once or twice a week. These slowly worsened and attacks of paresthesia in both 
hands appeared and would last for fifteen minutes. She was temporarily improved by a period of rest and 
then had an agonizingly severe attack of headache with nausea and unformed visual hallucinations lasting 
for almost a week. Her legs became weak and stiff at this time. Three months before admission she 
developed constant numbness in the face on both sides, the cheeks being particularly affected, and was 
troubled by a roaring bilateral tinnitus. The symptoms continued and worsened and there were added 
to the headache, neck stiffness, persistent stiffness and weakness of the legs and again intermittent 
paresthesie in the hands. Examination revealed a somewhat euphoric woman, slow in her responses 
and performing simple intellectual tests poorly. There was neck stiffness and diffuse skull tenderness. 
Papilloedema was marked and there was a right homonymous hemianopia, the pupil reactions being 
sluggish. Sensory reduction was present in the territory of the second division of the trigeminal nerve 
bilaterally. There was no other disturbance of motor or sensory function. The tendon reflexes were brisk 
but the cutaneous ones normal. Her gait was shuffling with deviation to the right. The skull films showed 
pressure abnormalities in the sella turcica and displacement anteriorly and inferiorly of its dorsum 
(fig. 24). Ventriculography and carotid angiography showed evidence of a very large mass in the posterior 
portion of the left cerebrum. Midline structures including the falx, especially posteriorly, were displaced 
to the right (fig. 2B, с, D and E). The posterior end of the third ventricle was squeezed and the fourth 
ventricle also displaced to the right. At craniotomy an extremely large meningioma was found attached 
to the lateral sinus from a point immediately to the left of the falx for a distance of some 3 cm. It extended 
forward on the tentorium to the superior surface of the petrous temporal bone and had a wide area of 
contact with the falx cerebri, deeply excavating the temporal, occipital and deep parietal lobes. A total 
excision was effected and the area of the attachment to the lateral sinus was cauterized. Histological 
examination revealed a fibroblastic meningioma. No explanation for the bilateral trigeminal sensory 
reduction was seen. The patient made an excellent recovery but eight years post-operatively developed 
various symptoms which led to investigation to exclude the possibility of a posterior fossa extension of 
the original mass. This possibility was excluded and the symptoms cleared up. 


Case 5. D.M., a 39-year-old-salesman, was admitted in 1964 complaining of headache. Nine months 
previously he first noticed severe but transient sub-occipital headache on straining. Subsequently this 
would recur on bending and straining. After three months pain recurred each morning, aggravated by 
bending and easing later in the day; it was associated with well-marked neck stiffness. With the passage 
of a further three months attacks of severe headache were more frequent. One month before admission 
headache became agonizing and with this he would have paresthesiz in his face and arms. Attacks of 
blurred vision, lasting for thirty minutes, developed. Finally, he felt unsteady on his feet and, during an 
attack of headache, parzsthesiz spreading from the face to the arms and legs occurred and there was 
associated weakness of the legs; at the same time he was dyspnaic. Examination revealed neck stiffness 
and bilateral papilledema with hemorrhages. External ocular movements were full without nystagmus 
and it was possible that there was a slight right facial weakness. There were no other abnormal signs, 
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Fic. 2. Case 4. ғ, skull film showing displacement of the dorsum selle anteriorly and infer 


ventriculogram showing great displacement produced by occipitotemporal mass. D, left carotid 
E, right carotid angiogram showing displacement of middle structures to the right 
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station and gait being normal. Skull films showed thinning of the sellar floor and ventriculography ат 
internal hydrocephalus with the aqueduct flattened and displaced forward and to the right, the fourt! 
ventricle being similarly displaced. Exploration by means of a left unilateral sub-occipital approa 
was made. In the base of the left cerebellar tonsil (which had herniated into the foramen magnum) a re 
tumour mass, 2:5 cm in diameter, was seen beneath the arachnoid. After tapping the left lateral ventri 
and the cisterna magna to reduce the high pressure, the mass was excized from a markedly cedemat: 
left cerebellar hemisphere. No cyst was present, the tumour was a solid hemangioblastoma. He mad 
excellent recovery and has remained well. 
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To summarize this clinical experience, 4 patients experienced subjective and/or 
objective trigeminal disturbance contralateral to the neoplasm in 2, ipsilateral in 
one and bilateral in one. Two patients, including one of those just mentioned, 
experienced transient attacks of neck stiffness with widespread paresthesia and 
weakness of the lower limbs. Clearly the cases with persisting trigeminal disturbance 
must be differentiated from those in which the parzsthesiz are not only transient 
but widely distributed. 


ANATOMICAL OBSERVATIONS 


The localizing symptoms and signs of an intracranial neoplasm result from the 
close anatomical relationship between the nervous structures involved and the 
mass. False localizing signs must also have an anatomical basis though not an 
immediately obvious one. In this belief a number of anatomical observations have 
been made in an attempt to explain the mechanism of trigeminal false localizing 
signs. 


(1) The Volume of the Posterior Cranial Fossa 


In addition to the brain, the skull contains the cranial meninges, and volumes 
of blood and cerebrospinal fluid, both of which fluctuate; the latter volumes vary, 
in part reciprocally. The average weight of the brain in the adult is 1450 g in the 
male and 1350 g in the female (Gray's Anatomy, 1973) and it attains its adult volume 
at the age of 17 years. The cranium develops as a capsule for the brain, grows with 
it and ceases to grow when brain volume has attained its maximum. Cranial 
volume will obviously vary with brain volume and it is therefore believed that 
measurement of the volume of the portions of the brain above and below the 
tentorium will provide an indication of the volume of the supra- and infratentorial 
portions of the cranium, at least in so far as their relative size is concerned. 

Such measurements were made in four cadavers (Table 1). They indicate that 
the volume of the posterior cranial fossa is 12 per cent of that of the total intra- 
cranial volume and 14 per cent of the supratentorial volume. These figures raise 


TABLE 1, WEIGHTS AND VOLUMES OF SUPRA- AND INFRATENTORIAL PORTIONS 
OF THE BRAIN 


Brain] Brain 2 Brain 3 Brain 4 


Age and sex M.63 F.86 F.63 F.70 Mean + SD 
Supratentorial brain 
Weight (g) 1352 1200 1146 1050 — 1187-1263 
Volume (cc) 1275 1132 1081 991 1120-1188 
Infratentorial brain 
Weight (g) 176 176 168 134 163-5 + 20:02 
Volume (cc) 166 166 158 126 154 4- 19-04 


Brain volumes calculated from weight after determination of specific gravity in Brain No. 2 (Sp.G. = 
1-06). 
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the problem of how a posterior fossa neurinoma or meningioma with a volume of 
one-fifth or more of that of the fossa can be accommodated as readily as a similar 
or even smaller tumour in the supratentorial compartment. Such mechanisms of 
compensation such as decrease in the amount of intracranial blood, diminution 
of the tissue fluid in the brain related to the mass, and displacement of cerebrospinal 
fluid might be expected to be as efficient above as below the tentorium. Possibly, 
therefore, brain displacement has particular importance in the presence of posterior 
fossa masses. 


(2) The Relative Sizes of the Tentorial Incisura and the Foramen Magnum 

The antero-posterior and transverse diameters of these two foramina were 
measured in four cadavers (Table 2). The area of each foramen was then measured 
by means of drawings on graph paper. These revealed that the area of the foramen 
magnum was 20 per cent of that of the tentorial incisura. It must, of course, be 
realized that variations in the shape and size of these foramina occur. For example, 


TABLE 2. DIMENSIONS OF TENTORIAL INCISURA AND FORAMEN MAGNUM 


Cranium] Cranium 2 Cranium 3 Cranium 4 


Age and sex M.63 Е.86 F.63 F.70 Mean-« SD 
Tentorial incisura 
AP (mm) 54 62-5 55 51-5 5575--473 
Transverse (mm) 30:5 30-5 24 29 28:5 3-08 
Foramen magnum | 
AP (mm) 15 14-5 17 17 15:91:21 
Transverse (mm) 22 23 24 23 23-0. 0-82 


in the case of the tentorial incisura, Sunderland (1957) gave variations of the 
antero-posterior measurement of 44 to 75 mm and of the transverse measurement 
of 19 to 35 mm; some relationship appears to exist between these variations and 
the antero-posterior and transverse measurements of the cranium. Whatever the 
variations, however, it is clear that the tentorial incisura is a very much larger defect 
in the boundaries of the posterior fossa than is the foramen magnum. Much atten- 
tion has been directed towards herniations of the cerebellar tonsils into the foramen 
magnum, no doubt partly due to the dangers of inducing medullary compression 
by lumbar puncture in the presence of such a pressure cone. Another reason may 
be the fact that a foraminal pressure cone is clearly seen during surgical explora- 
tions. In addition it might appear that the downward herniation of posterior fossa 
contents would be in part a gravitational effect. However, it must be recalled that 
the comparative densities of nervous tissues and cerebrospinal fluid are such that 
à brain and spinal cord which weigh 1,500 g when removed from the craniospinal 
space have an in situ weight of only 50 g (Ruch and Patton, 1965). Thus, bearing 
in mind the relative sizes of the foramina, herniations into the larger tentoria! 
opening are likely to be more frequent than those into the foramen magnum. It is 
also of importance that an interval exists between the upper margin of the pons 
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and the dorsum selle. This varies from 2 to 12 mm, averaging 6 mm in the cadaver 
(Sunderland, 1957); thus the pons can move anteriorly in relation to the incisura 
as well as superiorly and to either side. Perhaps displacements of the brain towards 
and into the foramen may supply an answer to the problem raised in the previous 
section and provide accommodation for posterior fossa tumours of greater size 
than might be thought possible. 





Fic. 3. Drawing of posterior fossa in section indicating direction of dural surfaces constituting its roof. 


(3) The Shape and Boundaries of the Posterior Fossa 


In shape, the posterior fossa is an irregular sphere (figs. 3 and 4). The superior 
hemisphere or roof contains anteriorly the large obliquely placed tentorial incisura 
with its base at the dorsum sella and its apex at the point of attachment of the 
tentorium to the falx cerebri. On each side of this the tentorium slopes downwards 
and outwards to its circumferential cranial attachment ; its inferior surface on each 
side is directed not only inferiorly but also anteriorly and medially (fig. 3). The 
inferior hemisphere or floor of the fossa contains the foramen magnum in the mid- 
line anteriorly; from the posterior half of the circumference of this foramen the 
cranium passes posteriorly and laterally with but a slight upward tilt to meet the 
line of attachment of the tentorium along the lateral sinus (fig. 4). This floor is 
formed by the cerebellar fosse which are, therefore, directed largely superiorly and 
there is but little which can be regarded as a true posterior wall of the fossa. The 
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Fic, 4. Drawing indicating direction of the bony surfaces constituting the inferior hemisphere 
of the posterior fossa. 


floor of the fossa anterior to the foramen magnum in the midline is formed by the 
clivus, whose sloping surface faces posteriorly and superiorly, On each side is the 
posterior surface of the petrous temporal bone; the obliquely directed superior 
margin of the petrous bone gives attachment to the tentorium and its surface in 
the posterior fossa is directed posteriorly and medially with but a slight upward 
inclination. The lateral wall of the fossa is a small area posterior to the sigmoid 
sinus directed medially and anteriorly. As will be seen, it is considered that these 
anatomical features all contribute to displacement of the contents of the posterior 
fossa into the supratentorial area in the presence of tumours arising from the floor 
of the fossa. Tumours arising from the antero-lateral wall of the fossa will be seen 
to occasion a different displacement. 


(4) Some Features of the Anatomy of the Trigeminal Sensory Root 


The sensory root of the semilunar ganglion is the largest such root of a cranial 
nerve and 20 to 25 mm in length. From the viewpoint of its anatomical relation- 
ships it can be considered to have two segments of equal length. The first portion 
extends posteriorly and superiorly from the semilunar ganglion to the dural 
foramen through which it enters the posterior fossa. It lies, with the posterior 
portion of the ganglion beneath two layers of dura mater in the subarachnoid space 
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Fic. 5a, photograph of a left parasagittal section of the head passing immediately lateral to the left semilunar 
ganglion and its sensory root. B, sketch of photograph. A, left sensory root; B, right sensory root; C, right free 
margin of tentorial. 
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of Meckel’s cave, isolated from the general intracranial cavity. The second portion 
crosses the posterior fossa to its pontine attachment at the junction of the superior 
and middle thirds of the anterior surface of that structure. Its direction is a posterior 
and inferior one and it lies below and slightly lateral to the free tentorial edge. In 
the cadaver (figs. 5a and B) the two portions of the root meet at an angle which may 
be as small as 90 degrees ; however it is likely that during life this change in direction 
will be less marked since the cerebellum and pons will be elevated by cerebrospinal 
fluid floatation lacking in the cadaver. Unlike the anterior portion of the root, that 
within the posterior fossa is fully exposed to compression by related posterior fossa 
masses and to distortion occasioned by brain-stem displacement. It is thought that 
at the point of change in the direction of the sensory root, injury arising from 
traction forces may be occasioned by the margins of the dural foramen through 
which it passes. 


DISCUSSION 


The suggestion that a general rise in pressure resulting from a neoplasm in the 
posterior fossa can explain trigeminal false localizing signs is inadequate. The most 
common of the posterior fossa cranial nerve disturbances occasioned by unrelated 
tumours is that of the abducens. This was at one time regarded as due to com- 
pression of the nerve during its long intradural course (Uhthoff, 1906). However, 
this palsy is now considered to be due either to traction on the nerve from brain- 
stem displacement or vascular constriction by branches of the basilar artery when 
the brain-stem is enlarged by neoplasms within it (Cushing, 1910). Excluding the 
abducens, of the other seven cranial nerves on each side of the posterior cranial 
fossa the trigeminal is possibly the most commonly and frequently the only one 
affected and this dysfunction may be unilateral or bilateral. A rise in pressure in 
the posterior fossa will be equally distributed through the space and cannot explain 
these facts. 

At the tentorial incisura and the foramen magnum increased intracranial 
pressure produces effects not seen in other parts of the cranial cavity displacing 
brain tissue into one or both defects as a decompressive phenomenon; nervous 
structures related to these openings may be involved in such displacements. Thus 
in the case of a downward transtentorial pressure cone the displacement inferiorly 
of temporal lobe and midbrain occasions stretching and compression of the 
occulomotor nerve which crosses the incisura anteriorly. The clinical picture which 
results was once regarded as being due to raised intracranial pressure but is now 
well-known to be the result of brain displacement at the tentorial opening with 
brain-stem and occulomotor nerve compression. At the foramen magnum the 
displacement inferiorly of cerebellum and medulla gives rise to compression of 
the medulla with involvement of the long motor and sensory tracts and later 
respiratory failure in the conscious patient. It is thought that the displacement of 
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nervous tissues into the tentorial opening from below can in the same way produce 
brain-stem and cranial nerve compression; in this case the trigeminal nerve, in view 
of its close relationship to the incisura, is that most exposed to injury. 

As a neoplasm grows in the posterior cranial fossa a stage is reached when dis- 
placement of the contents of the fossa must occur. When the tumour lies on the 
floor of the fossa the factors already described will lead to a displacement of the 
related portion of the cerebellum superiorly, anteriorly and medially towards, 
into, and eventually through the tentorial incisura. The cerebellar peduncles will 
involve the brain-stem in this displacement. Some degree of mobility of the brain- 
stem in its long axis is to be expected, bearing in mind the floatation of the brain 
within the cranium and the need for sufficient slack in the neuraxis at the cranio- 
spinal junction when the head and neck pass from a position of full extension to 
one of full flexion (O'Connell, 1956). Moreover, as has been seen, downward 
displacement of the brain-stem occurs as part of the pressure cone secondary to 
supratentorial masses. Collier (1904) explained the paralysis of the abducens 
nerve in cases of increased supratentorial pressure as being the result of a posterior 
shift of the brain-stem and stretching of this nerve in its vertical course in a direction 
opposite to that of the brain displacement. Cushing (1910) was not entirely satisfied 
with this explanation. He noted that the abducens nerves were crossed on their 
superficial aspect by transversely-directed branches of the basilar artery and that 
when the pons and medulla were enlarged by tumours or edema the vessels grooved 
to a varying extent the brain-stem and these nerves. When the responsible lesion 
is supratentorial, however, such brain-stem swelling is absent and Collier's 
hypothesis of traction injury appears to provide the best solution of the etiological 
problem. 

Upward movement of the brain-stem is also a recognized occurrence in the 
presence of a posterior fossa mass. Clinical evidence of it was noted, though not 
explained, by Cushing and Eisenhardt (1938) in cases of posterior fossa meningio- 
mata —a loss of superficial reflexes and exaggerated deep ones. Knupling and Fuchs 
(1975) in similar cases found unilateral or bilateral hyperreflexia more marked in 
the lower limbs. They also found pathological changes of degenerative type in the 
cerebral peduncles and considered that the findings resulted from an ascending 
transtentorial herniation and compression of one or both cerebral peduncles 
against the clivus or tentorial edge. These authors mention that in a group of 
11 patients with posterior fossa meningiomata and such signs of brain-stem com- 
pression, only 6 survived investigation and treatment. While the 3 personal cases 
with meningiomata producing trigeminal false localizing signs recovered well, 
they were all ill pre-operatively with evidence of long-standing high intracranial 
pressure. Radiologically, such ascending pressure cones displacing and deforming 
the posterior portion of the third ventricle are well recognized (Le Beau, 1944: 
Ecker, 1948) and not uncommon. Indeed, in the absence of such a gross radio- 
logical change the kinking of the sylvian aqueduct frequently demonstrated in 
cases of posterior fossa neoplasm (Lysholm, 1939; Twining, 1939) implies an 
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upward displacement of the brain-stem, the anterior displacement of the pons and 
medulla being associated in addition with upward movement on the steeply 
sloping surface of the clivus. 

To consider first the group of patients in whom the neoplasm, while unrelated 
to the affected nerve, is in direct contact with the brain-stem. Here false localizing 
trigeminal disturbance is associated with tumours of the contralateral cerebello- 
pontine angle (fig. 6). A tumour in this situation lies lateral to the brain-stem and 





FiG. 6. Schematic drawing indicating the distortion of the trigeminal sensory root secondary to brain-stem 
displacement from a contralateral tumour of the cerebellopontine angle. 


anterior and inferior to the cerebellum. As the tumour enlarges the brain-stem will 
be displaced to the opposite side and the cerebellum displaced posteriorly and 
superiorly. Some rotation of the brain-stem will occur so that its ventral surface 
is turned towards the tumour. The horizontally-directed nerves on the side of the 
tumour (seventh, eighth, ninth, tenth and eleventh) will be stretched both around 
the growth and as a result of the brain-stem displacement; in the course of time 
defects of their function result. These nerves on the contralateral side will be 
relaxed by the displacement. The anteriorly-directed fifth nerve on the side of the 
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tumour will be stretched over the mass resulting in the varying degrees of dys- 
function typical in such cases. On the contralateral side the anteriorly-directed 
trigeminal sensory root, unlike the nerves that pass laterally, will be rendered tense 
by the brain-stem displacement. It will be stretched around the lateral margin of 
the dural foramen, through which it leaves Meckel's cave, and compressed by it. 
In this manner, trigeminal disturbance, such as pain, paresthesia or a sensory 
defect on the side opposite to an angle tumour may be explained. 





Fic. 7. Schematic drawing indicating the distortion of the trigeminal sensory root secondary to brain-stem 
displacement caused by a meningioma of the cerebellar fossa. 


Turning to the group of patients with meningiomata of the cerebellar fossa, these 
may occasion considerable displacement of the brain-stem to the opposite side. 
Contralateral trigeminal symptoms can thus be explained in the same way as those 
due to cerebellopontine angle growths as described above, but where the trigeminal 
disturbance is ipsilateral or bilateral another explanation must be sought. Although. 
as seen during surgical exploration of the posterior fossa, these tumours may 
appear to be posterior to the cerebellum, they are, in fact, largely inferior to it. As 
the tumour enlarges, the cerebellum will be displaced superiorly and anteriorly, 
the latter element of the displacement being maintained by the inferior surface of 
the tentorium. The medial direction of the tentorial surface and that of the posterior 
surface of the petrous temporal bone will add a medial element to this brain dis- 
placement while the sloping surface of the clivus will contribute to both the superior 
and anterior elements of the movement. The displacement of cerebellum and 
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brain-stem is thus an antero-superior and slightly medial one. The attachment of 
the trigeminal sensory root to the pons will, of course, be carried in these directions. 
It is believed that this displacement of the central attachment of the sensory root 
will exert traction upon it, and that this will occasion injury to it at the point of 
its sharp angulation at the foramen through which it enters the posterior fossa 
from Meckel’s cave. When the brain-stem displacement is marked the sensory root 
may also be compressed against the free margin of the tentorium. In the presence 
of a tumour of the cerebellar fossa displacement of the brain-stem to the side 
opposite to the tumour, or superiorly, or a combination of the two displacements, 
gives rise to trigeminal false localizing signs; variations in the degree of the two 
displacements can explain why the signs may be ipsilateral, contralateral or 
bilateral. It is likely that such anatomical variations, such as the size of the tentorial 
incisura and the directions of the various dural and bony surfaces enclosing the 
posterior fossa, will increase or decrease the possibility of such signs developing. 

In the case of the supratentorial tumour (Case 4) no explanation for trigeminal 
disturbance at first suggested itself. However, following the study of cases of this 
disturbance with posterior fossa tumours, it appeared that the explanation 
might be a similar one based on brain-stem displacement. In this particular patient 
the very large meningioma spread from the falx medially to the convexity of the 
cerebral hemisphere laterally, and it extended from the occipital pole to the superior 
surface of the petrous temporal bone. The left posterior cerebrum was thus lifted 
completely from its normal position in the recess between the sloping superior 
tentoria] surface and the cranium. Plain skull films showed that the dorsum selle 
was displaced anteriorly and inferiorly by the brain-stem (fig. 2A). This film was 
made eight years after operative treatment when the patient was re-investigated 
for headache and the possibility of a subtentorial extension of the original growth 
was excluded. However, the same sellar displacement was present in the original 
films but re-calcification of the dorsum makes the displacement more easily visible 
in the later ones. The features of the pre-operative ventriculogram relevant to the 
present discussion were those of a massive left-sided tumour (figs. 2B and C) which 
occasioned narrowing and displacement to the right of the posterior portion of 
the third ventricle as well as a similar displacement of the fourth ventricle. The 
right carotid angiogram (fig. 2C) showed a marked displacement of midline struc- 
tures to the right; this was so great as to suggest that either the falx itself was 
displaced or else that it had been perforated by growth; since there was no evidence 
of such penetration at operation, marked displacement of the brain-stem to the 
right had occurred. In addition, the large tumour had occasioned anterior dis- 
placement of the brain-stem. This brain-stem displacement, anteriorly and to the 
right side, produced by a supratentorial mass would almost certainly be associated 
with a movement of it superiorly relative to the tentorial incisura; the structure 
would be drawn superiorly instead of being pushed in this direction as in the pre- 
viously described cases. It is thought that the trigeminal disturbances in this case 
were occasioned by the stretching of the two trigeminal sensory roots (as a result of 
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brain-stem displacement) and trauma to them at the point of the angulation of each 
at the dural foramen of exit from Meckel's cave, and possibly also around the 
tentorial edge. 

It will be noted that the area of the trigeminal territory affected varied: thus in 
the patient (Case 4) with the supratentorial meningioma, the numbness and hypo- 
algesia involved the maxillary divisions of both sides. In Case 3 both disturbances 
were contralateral and involved the maxillary and mandibular divisions. In Case 2 
the disturbance was ipsilateral and all three divisions of the nerve were involved. 
The only explanation which can be suggested is variations in the brain-stem dis- 
placement and the resulting deformation of the trigeminal sensory root or roots. 

As has been seen (Paillas et al., 1969), the responsible tumour in cases with 
trigeminal false localizing signs is usually of large size and firm consistency. From 
a study of the literature it appears that as in the cases here reported, the tumours 
responsible for these signs are usually extrinsic (meningiomata, neurinoma, etc.) 
and not intrinsic (ghomata, hemangioblastomata). This is unexpected when it is 
recalled that the latter type of tumour when cystic mav be of great volume and con- 
siderably larger than most meningiomata or neurinomata. How can this be 
explained? An extrinsic tumour in the posterior fossa will from its earliest develop- 
ment displace the related portion of cerebellum or brain-stem. The direction of the 
displacement will be determined by the direction of the bony surface beneath the 
base of the mass. This process will continue but the movement of more distant 
portions of the cerebellum and brain-stem will be governed by the directions of 
the bony and dural surfaces with which they come in contact. In the case of a cystic 
cerebellar tumour the pressure rises within the cerebellum and will expand it 
equally in all directions. While great general displacements may eventually result, 
the directional displacement seen with extrinsic tumours from the beginning of 
their development will not occur. 

Involvement of cranial nerves unrelated to an intracranial tumour is of course 
not confined to the trigeminal; the oculomotor, abducens, facial and acoustic 
nerves may also be affected and it is of interest to consider the causation of this 
disturbance in the case of these other nerves. The oculomotor nerve is commonly 
involved in the ten-orial pressure cones associated with supratentorial masses; 
the nerve is stretched before and compressed by the descending hypocampal gyrus. 
As has been seen, the abducens may be involved in cases of supratentorial tumour 
by downward displacement of the brain-stem and stretching of the vertical nerve 
trunk; or with subtentorial masses causing swelling of the brain-stem, the trunk 
of the nerve may be compressed by transversely directed branches of the basilar 
artery which cross i-. Involvement of the seventh and eighth nerves had occurred 
in three of the seven cases reported by Paillas et al. In Cushing's cases of acoustic 
neurinoma involvement ofthe contralateraleighth nerve was common and D'Errico 
(1950) also reported this in his series of posterior fossa meningiomata. The fact 
that the seventh anc eighth nerves pass through the internal auditory meatus and 
along a bony canal may make them subject to compression on the margins of the 
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meatus when the brain-stem is displaced ; such an explanation would be analogous 
to that here proposed for the trigeminal false localizing signs. 

The discussion has so far been limited to unilateral or bilateral trigeminal 
disturbance which it is believed is brought about by the movement of the brain- 
stem and cerebellum relative to the tentorial incisura. This sign was associated 
with extremely severe headache and high papillceedema in the three cases described 
and should perhaps be regarded as a warning of the dangers of the early develop- 
ment of severe brain-stem compression by a large ascending transtentorial pressure 
cone. Thus Castellano and Ruggiero (1953) emphasize that they, like other 
authors, found that with meningiomas of the cerebellar fossa signs of intracranial 
hypertension were constant, early and pre-eminent; cranial nerve disturbance 
occurred late. Cushing and Eisenhardt (1938), D'Enrico (1950) and Knupling and 
Fuchs (1975) have pointed to the signs of brain-stem compression in cases of 
posterior fossa meningiomata. Such signs were present in Case 3 here reported 
and also probably in Case 4. More dramatic were symptoms suggesting brain-stem 
compression including a different type of bilateral trigeminal disturbance in 
Case 5. These features will now be briefly described. 

The patient with the meningioma beneath the temporo-occipital lobe (Case 4) 
experienced recurring attacks of paresthesie in the hands of fifteen minutes’ 
duration; later, stiffness and weakness of the legs with marked neck stiffness were 
added to the attacks. It is considered that this combination of intermittent symp- 
toms resulted from compression and possibly stretching of the brain-stem, the 
likely underlying basis being transient ischemia of the structure. In Case 5, 
superimposed on increasingly severe headaches were neck stiffness with attacks 
of paresthesiz in the face, arms and later in the legs. In one such attack weakness 
of the legs appeared associated with dyspnea. It is believed that these intermittent 
attacks resulted from brain-stem compression by the pressure cone in the foramen 
magnum, the facial paresthesia, like those in the limbs, resulting from involve- 
ment of nerve pathways within the medulla. 

The hypothesis put forward is that trigeminal symptoms and/or signs in the 
presence of an unrelated tumour are due to displacement of the brain-stem. This 
occasions distortion of the sensory root of one or both trigeminal nerves— 
probably stretching and compression of it occurring. In the presence of tumours 
of the cerebellar fossa the relatively small size of the posterior fossa and the large 
size of the tentorial incisura encourage displacement of the brain-stem superiorly; 
so also does the shape of the fossa. The evidence for such displacement is clinical, 
radiological and pathological.and it is thought it may be occasioned by supra- as 
well as infratentorial growths. The angulation of the trigeminal sensory root as it 
enters the posterior fossa as well as its antero-posterior direction in the fossa may 
be other factors leading to traction injury to the nerveat its dural foramen. Tumours 
of the cerebellopontine angle are directly related to the brain-stem displacing it 
to the opposite side. It is thought that this displacement may lead to stretching of 
the contralateral trigeminal sensory root because of its antero-posterior direction. 
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There may be cases in which the trigeminal disturbances in association with 
tumours at a distance has some other explanation. In the present series, however, 
and those in the literature to which reference has been made, it is thought that the 
explanation suggested is an appropriate one. As stated in an earlier paragraph 
a general rise of pressure in the posterior fossa does not provide an explanation for 
these signs. It does not account for the particular liability for involvement of 
certain cranial nerves, such as the fifth to the exclusion of others, such as the 
ninth, tenth, eleventh and twelfth; nor does it explain the frequency with which 
the nerve dysfunction is unilateral. Moreover, it is in the presence of such tumours 
as meningiomata and neuriomata, rather than intrinsic tumours such as cystic 
gliomata, that the involvement of the fifth cranial nerve is seen. This is true although 
the volume of the intrinsic tumours may considerably exceed that of the extrinsic 
ones. The greater displacement produced by tumours outside the nervous system 
may explain this difference. As has been seen (Case 5), high pressure in the posterior 
fossa can occasion attacks of paresthesiz in the face, arms and legs associated with 
loss of power. This quite different picture is doubtless due to compression of the 
brain-stem at the foramen magnum with long tract involvement. Likewise (Case 4) 
the attacks of paresthesiz in the limbs and stiffness of the legs which occurred were 
almost certainly due to brain-stem compression as a result of its displacement into 
the tentorial opening. 


SUMMARY 


This investigation of trigeminal false localizing signs is based upon a study of 
the literature, personal clinical experience and a consideration of certain aspects 
of posterior cranial fossa anatomy. From this it is concluded that these signs result 
from distortion of the trigeminal sensory root by brain-stem displacement and the 
factors responsible for the different displacements are analysed. í 
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FOCAL CONTRALATERAL MYOCLONUS 
PRODUCED BY INHIBITION OF 
GABA ACTION IN THE CAUDATE NUCLEUS 
OF RATS 


by D. TARSY,! C. J. PYCOCK, B. S. MELDRUM and C. D. MARSDEN 


(From the University Department of Neurology, Institute of Psychiatry, and King's College Hospital 
Medical School, London SES) 


INTRODUCTION 


RECENT post-mortem biochemical investigation of Huntington's chorea suggests 
that loss of y-aminobutyric acid (GABA) action in the basal ganglia may result in 
abnormal involuntary movements (dyskinesias). The concentrations of GABA 
and of its synthesizing enzyme, glutamic acid decarboxylase (GAD), are con- 
siderably reduced in certain of the basal ganglia compared with levels in normal 
brains (Perry, Hansen and Kloster, 1973; Bird, Mackay, Rayner and Iversen, 
1973; McGeer, McGeer and Fibiger, 1973a, b; Bird and Iversen, 1974; Bird, 1976). 
Loss of GABA in the corpus striatum (caudate nucleus and putamen) reflects 
the extensive loss of striatal neurons that is the characteristic pathology of the 
disease. Loss of GABA in substantia nigra and globus pallidus may reflect loss 
of strio-nigral and strio-pallidal pathways. The changes in GABA appear restricted 
to the basal ganglia, for cerebral cortical GABA and GAD levels are normal, 
despite extensive cortical cell loss. Accordingly, failure of GABA synthesis is not 
a fundamental biochemical deficit in Huntington’s chorea; it appears to be a 
consequence of death of basal ganglia GABA neurons, particularly those in the 
corpus striatum. However, the changes in basal ganglia GABA in Huntington’s 
chorea do suggest that alteration in the activity of this neurotransmitter may cause 
dyskinesias. 

In the course of a study of the behavioural effects of manipulating GABA 
activity in the basal ganglia, we found that the direct injection of picrotoxin, a 
GABA antagonist (Precht and Yoshida, 1971; Hill, Simmonds and Straughan, 
1973) into one caudate nucleus of the rat caused sustained myoclonic jerks of the 
opposite limbs. In this paper we describe pharmacological experiments designed 
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to test whether this myoclonus is the result specifically of interference with striatal 
GABA action, and physiological experiments designed to establish the source of 
the myoclonus. Preliminary reports of this work have been published elsewhere 
(Marsden, Meldrum, Pycock and Tarsy, 1975; Pycock, 1976). 


METHODS 


Preparation of Animals 


Male and female Wistar rats (200-250 g) were anesthetized with chloral hydrate (300 mg/kg, i.p.) 
or methohexitone sodium (50-100 mg/kg) and immobilized in a Stoelting stereotaxic frame. In most 
animals either unilateral or bilateral stainless steel guide cannule (outer diameter, 0-75 mm; inner 
diameter 0-4 mm; length 7 mm) were mounted vertically into burr holes drilled into the skull directly 
over the anterior caudate nucleus, posterior caudate nucleus, globus pallidus, thalamus, or the ventral 
hippocampus. The co-ordinates were taken from the atlas of König and Klippel (1963) (anterior caudate 
nucleus А 8-5 L F 2-5; posterior caudate nucleus A + 6:7, L F 3:8; globus pallidus A + 6:3, L 2-5, 
thalamus, A + 2:4, L F 2-0; ventral hippocampus A + 2:4, L F 40). The guide cannule were set 
just above the surface of the brain so that the end of the cannula did not damage the cortex below, and 
were held in position with acrylic dental cement. 

A few animals were also prepared with bilateral angled guide cannule pointing towards the centre 
of the caudate nucleus. These cannula were mounted at the co-ordinates A + 3-7, L + 2-5, and set 
at an angle of 45 degrees pointing anteriorly. In addition to these angled guides, a unilateral guide 
cannula was sometimes mounted in the skull vertically over the anterior caudate nucleus on one side 
of the brain. The latter cannula guide was allowed to penetrate the surface of the cortex in such animals. 


Experimental Procedure 


Animals were allowed at least 24 h for recovery. Injections were always made in hand-held conscious 
animals with a Hamilton syringe fitted with a 701 N needle. A nylon cuff around the needle acted as 
a stop and served to govern the depth of injection. The vertical co-ordinates chosen for the various 
regions were: cortex (directly overlying the caudate nucleus) V-+ 3-5; anterior and posterior caudate 
nucleus area V 0; globus pallidus V — 1:0; thalamus V — 0-4; ventral hippocampus V — 2:4 (König 
and Klippel, 1963). Following intracerebral injections, animals were placed individually in plastic boxes 
measuring 35 x 25 cm, and their motor behaviour was observed for periods up to 2 h. 


Unilateral Injection of GABA Antagonists 

Picrotoxin (0-1 - 2 ng dissolved іп 1 - 3 ul 0-9 per cent saline) was injected unilaterally into the cortex, 
caudate nucleus, globus pallidus, thalamus, and hippocampus, or bilaterally into the region of tbe 
anterior caudate nucleus and globus pallidus, and the effects on motor behaviour were observed. Also 
angled injections of picrotoxin (0-5 - 1 ug) into the caudate nucleus were studied. Control injections 
of physiological saline (2 I) were made into all sites. 

In addition to picrotoxin, the effects of other GABA antagonists injected 1nto one striatum of the 
rat were studied. DL-allylglycine (50-200 ug in 2-3 ul 0-9 per cent saline), bicuculline (1-3 ug) and 
benzyl-penicillin (1 unit in 2 ul) were injected unilaterally into the region of the anterior caudate nucleus 
through a vertical cannula. (Bicuculline was dissolved in a minimum amount of 0:1 N HCL, pH adjusted 
to 6:5 with 0-1 N NaOH and the solution made up to volume with saline). 


Unilateral Injection of GABA Agonists А 
In another series of animals, the effect of GABA and its agonist DL-carnitine (у-атіпо-В-Һуйгоху- 
butyric acid) injected into one caudate nucleus was studied. GABA (100-750 ug in 3 pl 0-9 per cent 
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варпе) or carnitine (250 or 500 ug in 2 д1 0-9 per cent saline) were either given alone or injected into 
the striatum following either picrotoxin or allylglycine. 


Effect of Drugs on Picrotoxin Response 


Rats with unilateral cannula were injected intraperitoneally with a number of drugs known to affect 
various central neuronal mechanisms. At a time when such agents were exerting maximal effects, 
picrotoxin (0-75 ug) was injected into the anterior region of one caudate nucleus and the motor responses 
Observed. Control responses were monitored in the same animals previously injected with saline intra- 
peritoneally. The following pre-treatments were administered at the times stated prior to picrotoxin 
L-5-hydroxytryptophan (Sigma Ltd) (50 and 500 mg/kg, i h), methysergide (Sandoz Ltd) (5 mg/kg, 
1 b); reserpine (Ciba-Geigy Ltd) (10 mg/kg, 4 b); L-dopa (Roche Ltd) (100 mg/kg, 1 h) together with 
the peripheral decarboxylase inhibitor, carbidopa (Merck Sharp and Dohme Ltd) (25 mg/kg, 30 min 
before L-dopa): chlorpromazine (May and Baker Ltd) (10 mg/kg, 1 h); haloperidol (Searle) (2 mg/kg, 
1 h); d-amphetamine (Smith, Kline and French) (3 mg/kg, 30 min); clonidine (Boehringer) (0:5 mg/kg, 
1 h), and scopolamine (Sigma Ltd) (10 mg/kg, 1 h). The time to onset of the first myoclonic jerk and the 
duration of the response were noted, together with the frequency of the jerks recorded ın a one-minute 
period 30 mun after picrotoxin injection. The intensity of the response during the course of the experi- 
ment was judged as being strong, moderate or weak. 


Unilateral Globus Pallidus Lesions 


Unilateral electrolytic lesions were placed in the region of the globus pallidus in 10 rats. A single 
lesion was aimed at the centre of the pallidum (A + 6:5 L + 2-4 V — 1-0) in half of these animals 
by lowering an electrode, varnished except for the tip, to the correct depth, and passing a current of 
5 mA for 4 s. The negative electrode was attached to the ear. In the other 5 rats, two electrolesions 
(10 mA for 8 s) were placed in the region of the pallidum, one at the anterior position (A + 6:8 L + 2:3 
V — 1:2), the other at the posterior position (A + 5-9 L + 3-3. V — 1-4). In both these groups of rats with 
lesions a guide cannula was mounted over the anterior portion of the ipsilateral striatum and held by 
dental cement m the usual way. 

The motor response to the intrastriatal administration of picrotoxin (0-75 and 1 ug) was observed 
subsequently. The extent of the pallidal lesions was judged histologically and pharmacologically. The 
circling response of these rats to d-amphetamine (4 mg/kg) and apomorphine (0-5 mg/kg, s.c.) was 
used to assess the extent of pallidal damage. 


Histological Examination of Injection Site 


After animals had been used for a maximum of four focal injections into the same brain site, they 
were killed and the brains fixed in formol-saline for at least a week. Brains were examined both macro- 
scopically and histologically for the identification of the needle track and verification of the target areas. 
Those animals m which the needle tip had missed the intended areas, or was close to adjacent structures 
which would in turn be affected by diffusion of the injected drugs, were discarded from the experimental 
data. 


EEG Recordings 


In other experiments electrical activity was monitored from the caudate nucleus and cerebral cortex 
during the injection of drugs into the striatum. Such animals were prepared with screws set in the skull 
which ended on the surface of the cortex. Striatal activity was recorded from needle electrodes, varnished 
except for the tip, and inserted through the guide cannulz into the left and right caudate nuclei 
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RESULTS 


Unilateral Intracerebral Injections (Vertical) of Picrotoxin 


(1) Caudate nucleus. 'The injection of saline into any of the brain regions investi- 
gated in this study never caused any sustained abnormal motor activity. When 
saline was administered into either one caudate nucleus or globus pallidus, the 
penetration of the needle into the brain was sometimes accompanied by the 
development of a transient contralateral body asymmetry and weak irregular 
contraversive circling. Such motor activity, however, lasted only 2-3 min. 

Unilateral injection of picrotoxin (0-5 - 1-5 ug in 1 - 3 u10-9 per cent saline) into 
the caudate nucleus of the rat resulted in a rhythmic jerking movement of the 
contralateral limbs. This jerking motion has been termed 'focal myoclonus' 
(Marsden et al., 1975), being reminiscent of the human syndrome. The myoclonus 
observed commenced 4-9 min following picrotoxin injection (mean 5:8 + 0-7 min, 
20 animals) and lasted approximately 45-80 min (mean 52-0 4-3:6 min). The time 
of onset and duration of myoclonus was approximately the same irrespective of 
the dose of picrotoxin. 

The myoclonus consisted of a sharp contraction of the flexor muscles of one 
limb, lifting it off the ground, followed by a somewhat slower phase of relaxation. 
Each jerk lasted a fraction of a second, but jerks occurred repetitively and rhyth- 
mically every 5-12 s. Between jerks the limb digits often remained flexed and on 
occasions the whole limb might be kept elevated off the floor surface. However, 
the animals apparently suffered no other obvious disability and would resume 
normal activity between the jerks such as grooming or washing. The flexed posture 
of the digits and limbs sometimes appeared some 2-3 min before jerking began. 
, Almost always the myoclonus was monophasic, but occasionally a double jerk 
pattern was observed, and rarely (during the later part of the picrotoxin effect) the 
jerks built up in frequency merging into a sustained focal clonic seizure lasting 
a matter of some minutes, followed again by repetitive rhythmic jerks. Myoclonus 
often remained confined to one contralateral limb, but sometimes spread during 
the course of the experiment to other regions of the body. Thus forelimb myoclonus 
subsequently involved the neck and head, the latter being pushed up and away 
from the jerking limb, while a hindlimb myoclonus often involved the lower trunk 
region. Such a spread of myoclonus was probably associated with diffusion of the 
drug through the striatum, although no direct studies were made to verify this. 
On occasions a single picrotoxin injection would cause jerks of both the opposite 
arm and leg, which would throw the rat to the opposite side. On such occasions the 
animal usually took refuge at the side of the cage for support. 

The distribution of myoclonus in response to intra-caudate injections of picro- 
toxin is shown in Table 1. In general, injection into the anterior part of the caudate 
nucleus (fig. 1) caused jerks of the opposite forelimb and also sometimes of the 
head and neck. Injection into the posterior part of the caudate nucleus (fig. 2) 
caused jerks of the opposite hindleg. 
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TABLE I. DISTRIBUTION OF MYOCLONUS IN RATS FOLLOWING UNILATERAL 
INJECTIONS OF PICROTOXIN (0-5 - 1-5 ug) INTO CAUDATE NUCLEUS 


Site of myoclonus 
Site of injection No. of rats No. of injections (always contralat.) Incidence 
Anterior caudate 20 27 Forelimb 11 
Head, neck and 8 
forelimb 
Forelimb, trunk and 5 
hindlimb 
Head, neck and both 1 
limbs 
Trunk 1 
Hindlimb 1 
Posterior caudate 10 10 Trunk and hindlimb 7 
Hindlimb 3 





Fic. 1. Diagram of coronal section through the region of the anterior caudate nucleus to show sites of injection 
of drugs in 6 animals. In this and subsequent figures, A = nucleus accumbens, C = cerebral cortex, CC = corpus 
callosum, CN = caudate nucleus, GP = globus pallidus, Н = hippocampus, SN = substantia nigra, and T= 
thalamus. i 





Fic. 2. Diagram of coronal section through the region of the posterior caudate nucleus to show site of injection 
of drugs in 6 animals. 
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Unilateral injection of small doses of picrotoxin (0-1 and 0-25 ug in 2 pl 0-9 per 
cent saline) in 10 animals into the striatum was usually ineffective in producing 
limb myoclonus. The majority of animals behaved normally: only some 5 to 10 per 
. cent of those injected developed faint muscular twitches of the head and neck. High 
doses of picrotoxin (2 ug) injected into the striatum of 3 animals resulted in 
generalized seizures. Postural deviation was not produced following unilateral 
striatal injection of any dose of picrotoxin and sustained circling behaviour was 
never seen. 


(2) Other sites. Injection of picrotoxin (0-5-1-5 ug in 2 ul saline) into the cortex 
overlying the striatum rarely resulted in contralateral limb myoclonus. Only 
3 of 20 such animals developed any form of myoclonic twitch. Two rats developed 
contralateral forelimb myoclonus after 9 and 15 min respectively, while the third 
animal showed facial twitches and spasms after 8 min. All 20 animals subsequently 
developed contralateral limb myoclonus when the same dose of picrotoxin was 
injected directly into the striatum. 





Fic. 3. Diagram of coronal section through the region of the globus pallidus to show site of injection of drugs 
in 6 animals. : 


Injections of picrotoxin (0-5 - 1 ug) into one globus pallidus (fig. 3) in 8 rats 
caused increased locomotor activity; the animal would run or pace around the 
observation cage. Such activity began some 8-12 min after picrotoxin injection 
and lasted intermittently for periods of up to one hour. Circling behaviour and 
body asymmetry were not observed. Occasionally (in 3 of 8 animals) the hyper- 
activity was accompanied by characteristic myoclonic jerks of the contralateral 
hindlimb/lower trunk region. These jerks were similar in onset, character and 
duration to those seen after the injection of picrotoxin into the posterior region 
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of the caudate nucleus, suggesting that they were the result of diffusion of picro- 
toxin into the adjacent striatum. Low doses of picrotoxin (0-1 and 0-25 ug) injected 
into one globus pallidus had no effect; high doses (1-5 ug) caused generalized 
seizures. 

Injection of picrotoxin into either the thalamus (in 4 rats) or ventral hippo- 
campus (in 4 rats) caused no myoclonic response. Low doses (0-1 and 0-25 ug) 
were completely without effect; higher doses (0-5 and 1 yg) resulted in generalized 
body seizures. 


Bilateral Intracerebral Injections of Picrotoxin 


Bilateral injection of picrotoxin (1 ug) into the anterior region of both caudate 
nuclei caused a repetitive myoclonus characterized by synchronized flexion and 
extension of both forelimbs together with an extension of the head: a syndrome 
reminiscent of retrocollis in the human. Such an effect often produced violent limb 
contractions, so much so that the animal was forced upright on its haunches and 
on occasions was thrown over backwards by the strength of the contràctions. The 
time of onset after picrotoxin injection of this myoclonus was similar to that after 
unilateral injections, although its duration of approximately 90 min was slightly 
longer. 

Bilateral injections of picrotoxin (0-1 - 1 ug) into the region of the globus pallidus 
resulted in a dose-dependent effect on motor behaviour characterized by mild 
twitching at the low dose, bilateral limb jerks at the middle dose, and hyper- 
activity and generalized seizures with the high dose. These results have been 
described elsewhere (Pycock, Horton and Marsden, 1976). 


Unilateral Intrastriatal Injections of other GABA Antagonists 


DL-c-allylglycine (100-150 ug in 2-3 pl 0-9 per cent saline), an inhibitor of 
glutamic acid decarboxylase, often caused myoclonus similar to that described for 
picrotoxin when injected into one striatum (15 rats). Myoclonic jerks of the contra- 
lateral limbs, neck and head commenced some 45 min after injection (range 
20-55 min; mean 46-7 + 7-4 min); the jerking lasted 65-200 min. Such myoclonus 
occurred in 2 of 6 experiments with 100 ug, in 3 of 4 experiments with 125 ир, 
and in 7 of 12 experiments with 150 ug. On one occasion repetitive forelimb jerks 
built up into repeated focal seizures. 

Bicuculline, a GABA receptor blocking agent (Curtis, Duggan, Felix, Johnston 
and McLennan, 1971), in doses of 1-2 ug, induced a weak contralateral myoclonus 
with the time of onset comparable to that after picrotoxin (mean 8-4 + 0-8 min; 
М = 5) but with a shorter duration of approximately 10-15 min (mean 12:2 + 1:5 
min; N — 5). (Control injections of vehicle caused no such movements). Sub- 
sequent injections of picrotoxin (1-0 ug) into the same site in these animals resulted 
in characteristic jerking of the same contralateral limb as had been observed 
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following bicuculline, but the intensity of the myoclonus after picrotoxin was 
greater. 

Benzylpenicillin induced a weak contralateral limb myoclonus in 2 of 4 animals 
after a latency of 9-12 min. The jerks were similar to those after picrotoxin, but 
were much weaker, more irregular and of a shorter duration. Benzylpenicillin 
produced no motor effects in the other 2 animals. 


-Unilateral Intrastriatal Injections of GABA and Carnitine 


Neither GABA (100-750 yg) nor carnitine (250-500 ug) administered alone into 
one striatum induced myoclonus or abnormal behavioural response (other than 
that previously described for the saline injections). 

GABA (100-750 ug in 2 ul 0-9 per cent saline) was injected into one caudate 
nucleus 10-20 min after picrotoxin (0-5-1 ug) had been administered into the same 
site to cause the typical contralateral myoclonus. The picrotoxin-induced myo- 
clonus stopped abruptly some 2-3 min after the GABA injection in 7 of the 
9 animals. In the remaining 2 animals, the doses of GABA injected (250 and 
500 ug respectively) had no effect. The jerks did not recur on 6 of 7 occasions in 
which the GABA stopped picrotoxin-induced myoclonus, but in the remaining 
experiment the jerks reappeared 40 min later. Injection of GABA (100-750 ug 
in 2 ul 0-9 per cent saline) 60-85 min after dl-c-allylglycine (150 ug) into one 
caudate nucleus stopped allylglycine-induced myoclonus within 2 min in 6 of 7 rats. 
The jerks returned on 3 occasions after some 60-120 min and persisted for a 
further 60-120 min. 

Control injections of saline in similar circumstances had no effect in abolishing 
or reducing drug-induced myoclonus. 

In another series of experiments using animals in whom contralateral myoclonus 
had been produced by picrotoxin injection into the anterior caudate nucleus, 
carnitine (y-amino-B-hydroxybutyric acid, 250-500 ug in 2 ul 0-9 per cent saline) 
was injected into the same site 15-18 min after picrotoxin. Carnitine abolished 
picrotoxin-induced myoclonus in 3 of the 6 animals within 2-5 min. The myoclonic 
jerks ceased in 2 of these 3 animals for 23 and 45 min respectively and then recurred ; 
in the third rat myoclonus never reappeared. Carnitine had no effect on picrotoxin- 
induced myoclonus in 2 animals, and in the remaining animal it decreased the 
amplitude and frequency of the jerks but did not abolish them. 


Unilateral Angled Injection Studies 

Angled injections of picrotoxin (1 ug in 2 ul 0-9 per cent saline) into the centre 
of one caudate nucleus produced no myoclonus or other behavioural response in 
8 rats in which no vertical cannule were inserted into the cerebral cortex. Sub- 
sequent vertical injections of picrotoxin (1 ug) into one striatum in these animals 
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through cannula guides, set above the cortex, resulted in the usual contralateral 
limb myoclonus. 

Angled injection of picrotoxin into the centre region of one caudate nucleus in 
animals in which a vertical cannula guide had also been set into the surface of the 
cerebral cortex resulted in the development of the familiar contralateral limb 
myoclonus. The results are summarized in Table 2. In all experiments the position 
of the needle tip was verified by histological examination (fig. 4). 


TABLE 2. COMBINATION OF VERTICAL AND ANGLED INJECTIONS OF PICROTOXIN (1 ир) 
INTO THE CAUDATE NUCLEUS FOR THE INDUCTION OF CONTRALATERAL LIMB 
MYOCLONUS IN THE RAT 


Myoclonus 
Mean onset Mean duration Intensity 
Injection path No. ofrats Incidence (тіп + 1 SEM) (тіп + 1 SEM) (0 — 3+) 

Vertical into cortex only 20 3 — — — 
Vertical into striatum 20 20 58 + 0-7 52-0 + 3-6 ++ 
Angled into striatum 8 0 — — — 

(no cortical cannula) : 
Angled into striatum 8 8 77+ 0-9 47-9 + 3-5 ++ 

(presence of cannula 

set in cortex) 
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Fig. 4. Diagram of saggital section to show sites of angled injection of drugs into caudate nucleus in 6 animals 
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` Effect of Various Drugs of Picrotoxin-induced Myoclonus 


The effect of a number of systemically administered drugs on the myoclonic 
response induced by unilateral intrastriatal injection of picrotoxin is shown in 
Table 3. In summary, few of the compounds caused any change in the time of onset, 
duration, frequency or intensity of the contralateral limb myoclonus seen after 
picrotoxin. Only reserpine and scopolamine produced statistically significant 
effects, reserpine prolonging the duration of the effect (from 53 to 72 min, P < 0-05) 
and increasing the myoclonic frequency and intensity, while scopolomine delayed 
the onset from 9 to 16 min (P < 0-001), and decreased the frequency and intensity 
of the picrotoxin effect. No changes were observed with the other compounds 
tested. 


TABLE 3. THE EFFECT OF PRE-TREATMENT WITH VARIOUS DRUGS ON CONTRALATERAL 
LIMB MYOCLONUS INDUCED IN THE RAT BY THE UNILATERAL INTRACAUDATE 
INJECTION OF PICROTOXIN (1 ug) 


` Myoclonic 
No.of Time to onset Duration frequency Myoclonic 
Pre-treatment (and dose) rats (min + 1 SEM) (min + 1 SEM)  (Jerks[min) | intensity 
0 11 8-7 + 0:8 53:5 + 5:4 6-1 + 0-7 ++ 
5-hydroxytryptophan 4 11-04 1-1 577 + 45 4141-4 ++ 
(50 mg/kg) 
5-hydroxytryptophan 6 8-0 + 1-2 59-5 + 62 52412 ++ 
(200 mg/kg) 
Methysergide (4 mg/kg) 6 9-3 + 0:8 56:5 + 7:7 10:5 + 2:4 ++ 
Reserpine (10 mg/kg) 6 734-14 72:2 + 7T5* 100+12* +++ 
o-methyl-p-tyrosine 6 11-0 + 1:9 528 + 7:3 58 + 0-7 ++ 
(250 mg/kg) 
L-dopa + carbidopa 6 9:2 + 1:2 . 52:8 + 9:5 51+ 0-1 ++ 
(100 mg/kg) 
Chlorpromazine (10 mg/kg) 6 8-3 + 1:2 | 57:0 + 89 5:4 + 1:6 ++ 
Haloperidol (2 mg/kg) 5 8-6 + 2:8 50-0 + 2-7 48412 +++ 
Clonidine (0-5 mg/kg) 4 12-0 + 2:8 503464 63412 ++ 
Amphetamine (3 mg/kg) 4 87 + 0-6 49-0 + 51 52410 ++ 
Scopolamine (10 mg/kg) 5 160 + 19** · 41-0 + 3-3 4-1 + 0-4* + 


Mean + 1 SEM is shown. Significance (Student's t test of paired samples) * P < 0-05, ** P< 0-001. 
The intensity of myoclonus is assessed on a 0 - 3 scale, where 0 is nil, and + + + is maximum. 


Thus, blockade of central catecholaminergic mechanisms by inhibition of 
synthesis with o-methyl-p-tyrosine or by receptor blockade by haloperidol or 
chlorpromazine, did not alter the time of onset, intensity or duration of picrotoxin- 
induced myoclonus. Similarly, stimulation of central catecholaminergic mechan- 
isms by administration of either L-dopa or d-amphetamine had no significant 
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effect on the myoclonus. Stimulation of central «-adrenoceptors with clonidine 
had no effect. 

Manipulation of brain 5-hydroxytryptamine, either by stimulation through the 
administration of 5-hydroxytryptophan, or by blockage of 5-HT receptors with 
methysergide, did not significantly alter the picrotoxin-induced myoclonic response. 


Effect of Lesions of the Globus Pallidus on Picrotoxin-induced Myoclonus 


Single electrolytic lesions placed in the region of one globus pallidus in 4 of 
5 animals did not prevent the myoclonus induced by an injection of picrotoxin into 
the anterior region of the ipsilateral caudate nucleus. The time of onset and the 
duration of the response did not differ significantly from that observed in control 
animals. Subsequent histological examination of the brains from these rats revealed 
that the damage to the globus pallidus was only partial, usually being confined to 
the medial area. Using a stage micrometer it was judged that in these animals some 
65 to 75 per cent of the pallidum had been destroyed (fig. 5). Histologically intact 
areas of the globus pallidus could still be identified. These animals exhibited some 
irregular ipsiversive circling response to both systemically-administered apo- 
morphine and d-amphetamine. 





Fic 5. Diagram of coronal section to show extent of destruction of one globus pallidus produced by a single 
electrolytic lesion in 5 animals 


Two large electrolytic lesions placed in the anterior and posterior regions of one 
globus pallidus completely abolished the myoclonic response normally seen after 
injection of picrotoxin into the ipsilateral striatum. No motor response was 
observed in these 5 animals. Histologically one globus pallidus in each animal had 
been completely destroyed, but damage also involved the adjacent areas of the 
posterior caudate nucleus and internal capsule, and sometimes the overlying cortex 
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and hippocampus, and parts of the thalamus (fig. 6). Damage extended up to 
0:5 mm outside the pallidum. These animals showed strong ipsiversive circling 
response to both apomorphine and d-amphetamine. 
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Fia. 6. Diagram of coronal section to show extent of destruction of one globus pallidus and adjacent structures 
produced by two electrolytic lesions in 5 animals. 


Cortical and Striatal EEG Recordings 


EEG recordings made from rats showing contralateral myoclonic limb jerks in 
response to intrastriatally-administered picrotoxin or allylglycine are illustrated 
in fig. 7. Traces were made using cortical and striatal electrodes. Spikes representing 
seizure activity were recorded from the striatum for several minutes before they 
could be observed in the electrocorticogram. Striatal spikes occurred before the 
onset of limb myoclonus and continued regularly throughout the duration of the 
motor effect. The spikes were abolished temporarily after the intrastriatal adminis- 
tration of GABA, which subsequently inhibited the jerks themselves. As the GABA 
effect wore off, both striatal spikes and contralateral limb myoclonus returned. 
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Fic. 74. EEG records from a rat after unilateral injection of picrotoxin and then GABA into the right striatum 
Control-bipolar recordings between left (L) and right (R) striatum and the ear. One min after picrotoxin (0-75 ug 
in 2 pl) was injected into the right striatum focal spikes were recorded in the absence of any motor activity. After 
6 min triple spikes occurred in association with left fore- and hindlimb jerks. Subsequently bursts of spikes were 
accompanied by clenching and twitching of the left forelimb. GABA (500 ug in 2 ul) was injected into the nght 
striatum 12 min after the picrotoxin injection. Focal spikes and limb jerks were absent for 40 min, but returned, 
and were more sustained after 45 min than before GABA injection Subsequently, bursts of spikes associated 
with a raised left forelimb were frequent. Calibrations 50 uV and 1 s. 


156 D. TARSY AND OTHERS 


CONTROL ALLYLGLYCINE + 53 min 


кес WIAA, MPH MAPPA S 
Loe gp Aff APIS А АДА Wo rede Mae 
сек Мру Ait AP Mile steven AP 
нео AA enl tatg, Nt a mei 
Loe мМ Ag P Мы Меч f 





—— pete À— Pr 
GABA + 5 min GABA +73 min 
AAA iM Pee hi Huh ‘vent ГА Bn Ae 


Mile tes ^ А e PA ee Pension e 
ice PA ASIA Pe un A NARI 





[teosv тое 


Fig. 7в. EEG and EMG records from а rat after unilateral injection into the left striatum. Control: bipolar 
EEG records from right striatum-cortex (R — C), left striatum — cortex (L — C), cortex — ear (C — E), nght 
striatum — ear (К — E), left striatum — ear (L — E), and EMG from right hindlimb hip flexors. Allylglycine 
(150 ug in 2:5 ul 0-9 per cent saline) was injected into the left striatum. Jerks of the right hindlimb and focal spikes 
in the left striatum and cortex occurred after 40 min. GABA (250 ug in 2-0 ul 0-9 per cent saline) was then injected 


into the left striatum 62 min after allylglycine. The focal spikes and limb jerks ceased in 4 min, but reappeared 
25 min later. 
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DISCUSSION 


Characteristics of the Myoclonus 


The myoclonus provoked by intracaudate injection of picrotoxin and other 
agents was characterized by brief, abrupt, repetitive contractions of the muscles, 
predominantly the flexor muscles of the contralateral limbs. The muscle jerks 
resembled the myoclonus seen in certain neurological diseases. Like the myoclonus 
in Creutzfeldt-Jakob disease and subacute sclerosing panencephalitis, or that 
which typifies epilepsia partialis continua, the jerks were rhythmically repetitive 
every few seconds. On occasion the jerks built up in frequency to produce what 
appeared to be a short-lived focal motor seizure, but with no apparent loss of 
consciousness. | 

The myoclonus produced by intracaudate injection of picrotoxin is probably 
identical to the abnormal movements described by McKenzie, Gordon and Viik 
(1972) after injection of d-tubocurarine into the striatum of the rat. McKenzie 
et al. characterized these dyskinesias as ‘chorea’, but from their description they 
appear similar to the myoclonus observed in the present study. D-tubocurarine 
resembles picrotoxin in possessing the capacity to prevent the inhibition of single 
neurons produced by iontophoretic application of GABA to Renshaw cells (Curtis, 
Game and McCulloch, 1974). Thus d-tubocurarine blocks GABA action, although 
it is not very potent or selective in this respect. In a subsequent paper, McKenzie 
and Viik (1975) established that picrotoxin produced the same type of myoclonus 
as d-tubocurarine when injected into one striatum, but that smaller doses were 
required. 


Source of the Myoclonus 


-At first sight the myoclonus produced by injection of picrotoxin into one caudate 
nucleus would appear to originate in that structure. Certainly injection of similar 
amounts of picrotoxin into the globus pallidus, thalamus or hippocampus did not 
cause myoclonus, and injection into the cerebral cortex overlying the head of 
caudate did so only rarely. However, the cannula and injection needles placed 
vertically into the caudate nucleus, passed through the cerebral cortex, and 
specifically through the sensorimotor cortex which overlies the caudate nucleus 
in the rat (Hall and Lindholm, 1974). The occasional appearance of what appeared 
to be a typical focal motor seizure of the contralateral limbs made us suspicious 
that the myoclonus produced by intracaudate injection of picrotoxin was really 
a cortically-induced phenomenon, resulting perhaps from diffusion of the picro- 
toxin back up the needle track into the overlying sensorimotor cortex. But we could 
not reproduce the phenomenon by direct injection of picrotoxin into the cerebral 
cortex at the same site. 

For these reasons, we set up experiments to inject picrotoxin into the caudate 
nucleus through cannule angled at 45 degrees to penetrate the cerebral cortex at 
a different site, specifically not through the sensorimotor cortex. To our surprise 
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such angled injections into the caudate did not cause myoclonus, which initially 
suggested that the caudate could not be the site of the origin of picrotoxin-induced 
myoclonus. 

The dilemma may be resolved by the final experiment in the series in which 
picrotoxin was delivered into the caudate nucleus through angled cannulz, but, 
in addition, a cannula had also been inserted vertically at the usual co-ordinates 
at this site. In these circumstances intracaudate injection of picrotoxin caused 
myoclonus. The conclusion is that the-:phenomenon depends on (1) injection of 
picrotoxin (or other active agents) into the caudate nucleus, and (2) the presence 
of damage to the overlying sensorimotor cortex. 

Electrophysiological investigations were in accord with this hypothesis. Follow- 
ing intracaudate injection of picrotoxin spikes ` first appeared in the injected 
striatum, then occurred synchronously also in the cortex co-incident with the 
clinical development of myoclonic jerks. McKenzie and Viik (1975) obtained 
similar results in cats. After infusion of d-tubocurarine into one caudate nucleus 
of the cat, spikes first appeared in that caudate, followed later by spikes in the 
ipsilateral motor cortex and then in both cortices. In our experiments and in those 
of MacKenzie and Viik (1975), spiking occurred rhythmically in relation to the 
myoclonic jerks, and was interrupted from time to time by short-lived bursts of 
more frequent repetitive discharges which correlated with the clonic focal motor 
seizures. 

Initial uncertainty as to the source of the myoclonus was also the reason for 
investigating the effects of globus pallidus lesions on the myoclonus produced by 
intracaudate injection of picrotoxin, but the results were not clearcut. Electro- 
lesions of moderate size confined to globus pallidus did not prevent the pheno- 
menon, but the much larger lesions produced by electrocoagulation at two sites 
which destroyed globus pallidus did abolish the effect of a subsequent intracaudate 
injection of picrotoxin. Taken with the electrophysiological observations this 
suggests that the myoclonus originates in striatal discharges which are subsequently 
transmitted via the strio-pallidal outflow pathways. The large pallidal lesions, 
however, inevitably encroached into adjacent structures such as the internal 
capsule, which may have prevented transmission of descending activity from the 
cortex. Since the myoclonus appears to depend on abnormality in both caudate 
nucleus and sensorimotor cortex, it could result either from discharges in caudate 
transmitted via strio-pallidal outflow tracts and descending extrapyramidal path- 
Ways, or by discharges arising in the sensorimotor cortex (activated by the intra- 
caudate picrotoxin injection).and transmitted via descending corticospinal path- 
ways. Further experiments are required to decide on this matter. 


Pharmacological Basis of the Myoclonus 


Picrotoxin is a GABA antagonist (Precht and Yoshida, 1971; Hill, Simmonds 
and Straughan, 1973) although perhaps its actions are not entirely specific (Curtis 


MYOCLONUS AND STRIATAL GABA 159 


and Johnston, 1974). Other agents that provoked myoclonus in our experiments 
were bicuculline, which is a more selective GABA antagonist (Curtis et al., 1971), 
and benzylpenicillin which also possesses GABA antagonist activity (Curtis and 
Johnston, 1974). That d-tudocurarine, which caused the same phenomenon in 
McKenzie's and Viik's (1975) experiments, is a weak GABA antagonist (Curtis, 
Game and McCulloch, 1974) and has already been mentioned. Thus a range of 
more or less selective GABA antagonists provoked myoclonus when injected into 
the caudate nucleus. So, too, did dl-c-allylglycine which is an inhibitor of glutamic 
acid decarboxylase; the latency to onset of its effect was similar to its known delay 
in inhibiting the enzyme (Horton and Meldrum, 1973). McKenzie and Viik (1975) 
found that thiosemicarbazide provoked myoclonus in the rat: this drug also 
inhibits glutamic acid decarboxylase (Killam and Bain, 1957). Thus inhibiting 
GABA synthesis in the caudate nucleus caused myoclonus. 

The myoclonus provoked by intracaudate injection of picrotoxin or dl-c- 
allylglycine could be stopped by subsequent intracaudate injection of GABA, or 
by di-carnitine (y-amino-8-hydroxybutyric acid) which acts as a GABA agonist. 
McKenzie and Viik (1975) found that glutamic acid, the amino acid precursor of 
GABA, also blocked d-tubocurarine-induced myoclonus. So increasing caudate 
GABA action stops the myoclonus provoked by intracaudate injection of GABA 
antagonists. 

All the evidence points to the conclusion that blockade of GABA action in the 
caudate nucleus causes myoclonus. However, the data are not completely con- 
sistent. Intracaudate injections of GABA antagonists did not always cause myo- 
clonus, neither did intracaudate injection of GABA and carnitine always stop 
picrotoxin or dl-c-allylglycine-induced myoclonus. This variation may have been 
due to the occasional misplaced injection (although the injection site was verified 
histologically in every animal) or to inadequate dosage, but, the effect of picrotoxin 
was not obviously dose-dependent. Indeed, it appears to be an all-or-none pheno- 
menon; doses less than that required to produce jerks had no effect, while doses 
greater than this did not cause more intense myoclonus. This observation in itself 
is an unusual pharmacological phenomenon for a simple antagonist action. Despite 
these caveats the weight of evidence does implicate inhibition of GABA action in 
the caudate nucleus as the cause of the myoclonus. 

The phenomena can also occasionally be produced by intracaudate injection of 
drugs believed to affect neurotransmitters other than GABA. Thus we have 
occasionally observed a similar myoclonus with intracaudate injections of apo- 
morphine and carbachol. McKenzie and Viik (1975) also reported that intrastriatal 
carbachol could cause myoclonus. Such observations raise the possibility that the 
phenomenon may be non-specific, but this seems unlikely in view of all the other 
evidence. More probable is that manipulation of other transmitters in the caudate , 
nucleus may, on occasion, indirectly cause inhibition of GABA action through 
intermediate neuronal pathways, or that these other drugs themselves block 
GABA activity in addition to their actions on other neurotransmitters. 
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Other experiments suggest that it is inhibition of GABA action in the caudate 
nucleus that is the critical stimulus to production of myoclonus, and that this occurs 
independently of activity of other neurotransmitter systems in the basal ganglia. 
Thus myoclonus provoked by intracaudate picrotoxin was not prevented by prior 
Systemic treatment with drugs believed to block dopamine and noradrenaline 
receptors (chlorpromazine and haloperidol), nor by drugs which prevent storage 
(reserpine) or synthesis (a-methyl-p-tyrosine) of dopamine and noradrenaline. 
Neither did increasing or releasing cerebral dopamine and noradrenaline (L-dopa 
and amphetamine) affect the myoclonus. Drugs increasing cerebral 5-hydroxy- 
tryptamine (5-hydroxytryptophan) or blocking cerebral 5-hydroxytryptamine 
action (reserpine and methysergide) were also without effect. Reserpine did appear 
to enhance’ somewhat the myoclonus provoked by intracaudate picrotoxin. In 
view of the other data this seems unlikely to have been due to an effect on brain 
monoamines, but an alternative explanation is not apparent. Blockade of 
cholinergic action with scopolamine somewhat inhibited the myoclonus, but did 
not prevent it. This may suggest some cholinergic modulation of the phenomenon, 
but McKenzie and Viik (1975) found that physostigmine and acetylcholine had 
no effect on the myoclonus provoked by intrastriatal d-tubocurarine. 

: The overall conclusion is that myoclonus provoked by intracaudate picrotoxin 
(or other GABA antagonists) is not critically dependent on cerebral dopamine, 
noradrenaline, 5-hydroxytryptamine or acetylcholine systems. Since all these 
neurotransmitters are present in the basal ganglia, the tentative conclusion is that 
the GABA receptors in the caudate nucleus affected by picrotoxin lie distal or 
downstream to dopamine, noradrenaline, 5-hydroxytryptamine and acetyl- 
choline neurons and pathways. 


SUMMARY 


Focal injections of drugs acting on GABA-mediated inhibitory mechanisms 
‘were made in various brain areas in unanesthetized rats through chronically 
implanted steel guide cannule. Picrotoxin (0-5 - 1-5 ug in 2 ul saline) administered 
unilaterally into the caudate nucleus through a vertical guide which traversed the 
sensorimotor cortex induced a contralateral focal myoclonus (of the forelimb when 
the injection was anterior and the hindlimb when posterior), beginning after 6 min 
and lasting 52 min. EEG recording showed spikes appearing in the striatum pre- 
ceding the myoclonic jerks, but subsequently occurring concurrently with the jerks. 
Comparable myoclonus was induced by allylglycine (100-150 yg), but the latency 
was longer (47 min) and so was the duration (65-200 min). Weaker myoclonus was 
seen after bicuculline (1-2 ug) or benzylpenicillin (1 unit). GABA (100-750 ug) 
injected after picrotoxin or allylglycine abolished myoclonus within 2 min. Picro- 
toxin (1 ug) administered into one caudate nucleus, using an angled guide which 
did not traverse the sensorimotor cortex, induced myoclonus only when the sensori- 
motor cortex had been damaged by a vertical guide cannula. Injections of picro- 
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toxin into the cortex overlying the caudate nucleus or into the thalamus did not 
produce focal myoclonus. 

Systemic administration of drugs known to modify activity at central mono- 
aminergic synapses such as 5-hydroxytryptophan, methysergide, «-methylpara- 
tyrosine, L-dopa plus carbidopa, chlorpromazine, haloperidol, clonidine and 
amphetamine, did not effect myoclonus induced by picrotoxin. Scopolamine 
10 mg/kg delayed the onset of myoclonus and slowed its frequency. Reserpine 
increased the duration and frequency of myoclonus. Electrolytic lesions which 
destroyed the globus pallidus and some surrounding tissue prevented the appear- 
ance of myoclonus after intracaudate picrotoxin. 

In this animal model, myoclonic jerks arise when cortical damage is combined 
with impairment of GABA-mediated inhibition in the caudate nucleus. A similar 
mechanism may be responsible for myoclonus in cerebral degenerative disorders 
in man. 
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WORD-COMPREHENSION AND 
WORD-RETRIEVAL IN PATIENTS 
WITH LOCALIZED CEREBRAL LESIONS 


by A. K. COUGHLAN and ELIZABETH K. WARRINGTON 


(From the National Hospital, Queen Square, London WCI) 


INTRODUCTION 


IMPAIRMENTS in word-comprehension and word-retrieval are common con- 
sequences of left hemisphere lesions, but the nature of these deficits and their 
anatomical correlates are by no means well established. 

Word-comprehension disorders are commonly associated with damage to the 
left temporal lobe, particularly to Wernicke's area (Luria, 1973; Goodglass and 
Geschwind, 1976). Most of the evidence for this view, however, derives from 
clinical observation, single case reports (Yamadori and Albert, 1973) and the 
relatively poor word-comprehension of Wernicke's aphasics as compared with 
other types of aphasic patients (Goodglass, Klein, Carey and Jones, 1966; Good- 
glass, Gleason and Hyde, 1970) rather than from comparative studies of groups 
specifically selected according to site of lesion. The-relationship between locus of 
lesion and naming disorders remains controversial. Some authors (Goldstein, 
1948; Goodglass and Kaplan, 1972) consider that naming shows relatively little 
specificity to the site of lesion within the left hemisphere, whilst others (Symonds, 
1953; Brain, 1961; Hécaen and Angelergues, 1964; Newcombe, Oldfield, Ratcliffe 
and Wingfield, 1971) emphasize temporal lobe damage. 

Establishing anatomical correlates of word-comprehension and word-retrieval 
deficits is confounded by the probability that even these basic skills are multi- 
component and therefore sustained by a number of different functional systems. 
Disruption in any of these systems may impair the skill and each system may have 
its own anatomical correlates. Thus whilst the investigation of the anatomical 
correlates of word-comprehension and word-retrieval skills themselves is of clinical 
interest, any correlations found should also be related to the underlying functional 
components. Although the systems sustaining word-comprehension and word- 
retrieval cannot be unequivocally specified it is reasonable to assume that they 
include phonemic, semantic and, in the case of word-retrieval, articulatory pro- 
cesses. Evidence for the discrete organization of these systems may be adduced 
from a variety of sources, including clinical observations on the nature of pure 
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word-deafness (Goodglass and Geschwind, 1976), the types and distributions of 
errors in word-comprehension and word-retrieval yielded by aphasics (Schuell 
and Jenkins, 1961; Barton, Maruszewski and Urrea, 1969) and investigations by 
Warrington (1975) which have shown that some instances of word-comprehension 
and word-retrieval deficits may derive from the selective impairment of semantic 
memory—that system in which words are stored, related and retrieved— rather 
than from phonemic or articulatory disturbances. It is therefore the aim of this 
study to examine the nature of word-comprehension and word-retrieval deficits 
in patients with localized cerebral lesions and to consider relationships between 
site of lesion and functional deficits, particularly with regard to semantic memory. 


SUBJECTS 


The subjects were 57 patients with unilateral left hemisphere lesions (LH Group), 43 patients with 
unilateral right hemisphere lesions (RH Group) and 52 neurological control patients (Controls) with 
extra-cerebral lesions. Subjects were all native speakers of English and all the cerebral lesion subjects 
were right-handed. None of the subjects displayed peripheral deficits of vision, hearing or motor control 
of sufficient severity to impair performance on the test battery. The left hemisphere lesions comprised 
52 tumours, 3 evacuated hematomas, one abscess and one gunshot wound; the right hemisphere lesions 
comprised 37 tumours, 3 evacuated hematomas, one abscess, one gunshot wound and one lobectomy 
for relief of epilepsy. The presence and site of lesion in the cerebral lesion patients were established from 
positive findings on at least two reliable neurological techniques (viz radio-active brain scan, angio- 
graphy, air-encephalography or EMI scan) and/or surgeons’ post-operative reports. Subjects were then 
classified into frontal, temporal, parietal and occipital localization subgroups within each hemisphere 
according to site of lesion. Lesions that straddled two lobes were classified into both appropriate sub- 
groups, so the subgroups were not exclusively determined. The sites of lesions and the composition of 
the localization subgroups for the left and right hemisphere groups are given in Table 1. Although the 
patients formed a consecutive series and were selected only on the basis of having a unilateral lesion ıt 
was found that temporal lesions were relatively over-represented. There were sufficient patients with 
lesions involving other cerebral areas, however, to allow the performance of intra-hemisphere frontal, 
temporal and parietal subgroups to be compared. Tests were administered during two sessions of 
approximately one hour each. These two sessions were never more than three days apart and tests were 
randomly distributed between the sessions. The majority of subjects completed all the tests but occasional 
omissions occurred because of clinical considerations not of relevance to this investigation. 

'The presence of clinically apparent dysphasia in the cerebral lesion patients was judged from their 
abilities to describe a set of picture stories The same set of stories was used for each patient (including 
Controls). Thirty-four of the 57 left hemisphere subjects were considered to be dysphasic and dysphasia 
was suspected, but not regarded, as unequivocal, in a further 5. One of the 43 right i subjects 
was also found to be dysphasic. 

All subjects were in the age range 21-70 years, there were no significant differences in age or number 
of years schooling between the Control, left hemisphere and mght hemisphere groups, between the right 
hemisphere localization subgroups or between the left hemisphere localization subgroups. (Means and 
standard deviations for the Control, RH and LH Groups are given in Table 2). Inspection of the pre- 
morbid occupations of the subjects indicated that the various groups were satisfactorily matched in 
terms of the achievements/social status of their members 
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TABLE 1. DISTRIBUTION OF LESION SITES IN LH AND RH GROUPS AND 
ALLOTMENT OF PATIENTS TO LOCALIZATION GROUPS 


Site of lesion No. іп LH group No. т RH group 
Frontal lobe 6 8 
Temporal lobe 22 14 
Parietal lobe 8 5 
Fronto-temporal 4 4 
Fronto-parietal 7 5 
Temporo-parietal 7 2 
Parieto-occipital 3 3 
Temporo-parieto-occipital — 1 
Occipital lobe -— 1 

Total 57 43 
Total number of lobe " 
sites affected 78 59 
Localization groups No. іп LH group No. in RH group 
Frontal 17 (22%) 17 (29%) 
"Temporal ^ 33 (4220 21 (35%) 
Parietal | 25 (32%) 16 (27%) 
Occipital 3 (4%) 5 (8%) 
Total 78 (100%) 59 (100%) 


TABLE 2. MEANS AND STANDARD DEVIATIONS FOR AGE AND SCHOOL-LEAVING AGE 
IN CONTROL, RH AND LH Groups 


Control RH LH 
(N-53) (N-4) (№=57) 
Age (yrs) 47-7 47-9 474 
, (12:7) (13:6) (12:7) 
School-leaving age (yrs) ` 15-0 15-2 15-1 
(1:5) (1:4) (1:5) 
METHODS 


Preliminary Tests 

(I) Current IQ. A current level of intellectual functioning for each subject was derived from the 
subject's performance on the B and C sets of Raven's Progressive Matrices (Raven, 1958, 1960). Subjects 
were screened on items A5, A6 and A7 and given help with them if necessary. The B and C sets were 
then administered. It was observed п a pilot study that some subjects would make errors by going 
through the test rapidly and too casually. Consequently the first error made by any subject was greeted 
with the phrase ‘Are you sure?’ from the examiner. This appeared to make subjects concentrate adequately 
on the items. Scores from the B and C sets were extrapolated to give an estimated full score by reference 
to the expected patterns of scores as given in the Individual Test table in the matrices guidebook. If the 
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Scores obtained in the B and C sets fell between two of the patterns in the table a weighted average of 
the nearest upper and lower full score estimates was taken. 

The estimated matrices full scores were converted to equivalent full scale Wechsler-Bellevue IQs 
using a table prepared by Dr. H. R. Beech. This table was prepared by converting matrices scores for 
each age between 20 and 65 years to percentile rankings, and then converting the percentile rankings 
to standard deviation equivalents of Wechsler-Bellevue IQs and hence to actual Wechsler-Bellevue IQs. 
(H. R. Beech, personal communication). 


(2) Phoneme Discrimination. Forty pairs of monosyllabic words were used. In 20 of the pairs the 2 words 
differed in either initial or final consonant, and the pairs were selected to range between easy and difficult 
phonemic discriminations. In the remaining 20 pairs the 2 words were identical. Subjects had to say or 
indicate whether the words in each pair were the same or different. The word-pairs were presented on 
tape, with about a one-second gap between the words in each pair and about seven seconds between 
successive pairs. Each pair was presented once only and the order of ‘same’ and ‘different’ pairs was 
randomized. Four examples of the task were given to each subject prior to testing. The test items and 
examples are given in the Appendix. Maximum score — 40 (Chance score — 20). 


(3) Articulation. Subjects were asked to repeat the 32 monosyllabic words in the dyspraxia/dysarthria 
section of the Minnesota Test for the Differential Diagnosis of Aphasia (Schuell, 1965). Each word was 
presented once only. Repetitions were required to be correct first time, that is, spontaneous corrections 
by the subject were not credited. Maximum score = 32. 


(4) WAIS Vocabulary Subtest (Wechsler, 1955). This test requires definitions of words of increasing 
difficulty. In order to keep in line with the other tests in this study the standard administration was 
modified and the words were presented orally only, that is, subjects were not permitted access to the 
written versions. 


(5) Modified Token Test. This modified and shortened version of the De Renzi and Vignolo (1962) 
Token Test employed Weigl's blocks presented in a random array and consisted of 15 complex but 
abstract commands involving these blocks (for example, ‘Put the red circle between the yellow triangle 
and the green triangle’), Commands were spoken, and presented once only. Scoring was pass or fail on 
each command. The test items are given in the Appendix. Maximum score = 15. 


(6) Modified Peabody. This was a modification of the Peabody Picture Vocabulary Test (Dunn, 1959). 
The original test consists of 150 items ranging from very easy to very difficult items in which the subject 
is required to identify which of four pictures means the same as a given spoken word. Two equivalent 
forms of the original test, Form A and Form B, are available. The Modified Peabody of this study used 
60 items only; these were items 42-101 of Form A with 4 of the 1tems, Nos. 60, 72, 87 and 92, replaced by 
those from Form B. Repetition of the test item words were given if necessary, and subjects with severe 
visual field defects who tended to neglect one side of space were given assistance by the examiner pointing 
in turn to each of the four pictures for each 1tem. Four examples of the task were given to each subject 
prior to testing. Maximum Score = 60 (Chance score = 15). 


(7) Auditory Choice vocabulary. This test consisted of 60 word-comprehension items of the type ‘Does 
X mean A or B?' in which the subject has to say or indicate which of the two alternatives has the same 
meaning as the word X. The test comprised two sections: in the first 30 items (Narrow choice) the A and 
B choices for each item were semantically related (for example, ‘Does vacant mean empty or open”), 
whereas in the second 30 items (Wide choice) the choices were semantically unrelated (for example, ‘Does 
serene mean rope or calm?"); but as the use of these two separate sections did not prove useful (there was 
a ceiling effect on the wide choice list}, this paper only reports the combined data of the two sections, The 
items were presented orally and repetitions were given if necessary. Four examples of the task (two for 
each section) were given to each subject prior to testing. The test items and the examples are given in the 
Appendix. Maximum score = 60 (Chance score = 30). 
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Word-comprehension and Word-retrieval Tests 


(8) Object Naming. Subjects were presented with an array of 15 objects and asked to name each one 
when it was pointed to by the exáminer. If the name for an object was not given correctly within five 
seconds the subject was regarded as having failed on that item. Subjects were allowed a further ten 
seconds, however, to produce the name on items on which they had failed, and all their responses 
occurring within the total of fifteen seconds allowed were recorded If the correct name was not given 
within this fifteen seconds the subject was presented with a choice of three names (the correct name and 
two semantically related distractors) and asked to select the correct one. The set of names was repeated 
if necessary. The objects' names and the sets of three choices for name-recognition are given in the 
Appendix. Maximum score, Object Naming — 15. Maximum score, Object Naming Recognition — 15 
(Chance score — 5). 

(9) Description Naming. Subjects were asked to name objects from verbal descriptions. The test com- 
prised 15 items, each of which was presented once, orally. If the name for an object was not given cor- 
rectly within seven seconds the subject was regarded as having failed on that item. Subjects were allowed 
a further eight seconds to produce the names on items on which they had failed, and all their responses 
occurring within the total of fifteen seconds allowed were recorded. If the correct name was not given 
within this fifteen seconds the description was repeated and then a choice of three names was presented 
(the correct name and two semantically related distractors) and the subject asked to select the correct 
one. The set of names was repeated if necessary. The descriptions, the objects they refer to, and the sets 
of three choices for name-recognition are given in the Appendix. Maximum score, Description Naming 
== 15. Maximum score, Description Naming Recognition = 15 (Chance score = 5). 


ANALYSIS OF RESULTS 


In order to examine the effects of laterality of lesion, comparisons have been 
made between the performances of Control, RH and LH Groups. The finding of 
substantial LH deficits in this study has led to investigation of the effects of localized 
left hemisphere lesions first by comparison of the performances of non-exclusive 
LH frontal, temporal and parietal groups and second by comparison of exclusive 
LH temporal and non-temporal groups (the latter consisting of all LH patients 
whose lesions do not involve the temporal lobe). Systematic investigation of the 
effects of localized right hemisphere lesions has not been warranted in view of the 
generally satisfactory performance of the RH Group. However, some instances 
of relatively minor RH deficits have been found, and in these cases the performances 
of RH frontal, temporal and parietal groups have been compared. All comparisons, 
between groups have been carried out using the two-tailed Student's t-test. Because 
three t-tests are needed to compare three groups two at a time, results are not con- 
sidered to be significant unless a confidence level of P < 0-02 is reached. P < 0:05 
is regarded as a trend. 

In order to examine the incidence of clear-cut deficits amongst the population 
with cerebral lesions, ‘cut-off scores, labelled C-2 and R-2 levels, were employed 
on each test. The C-2 level on a given test was approximately two standard devia- 
tions below the Control Group's mean score on that test and represented the level 
at or below which not more than 5 per cent of the Control subjects scored. Thus an 
individual displayed a test deficit if his/her score on a particular test fell at or below 
.the C-2 cut-off level for that test. The C-2 levels were instituted to differentiate 
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between the Control Group and subjects with brain lesions but because of the low 
incidence of deficits amongst the RH patients on some of the tests they were at 
times equally effective in differentiating LH subjects from RH subjects. However, 
on a number of the tests it was necessary to develop separate R-2 cut-off scores, 
at or below which not more than 5 per cent of the RH subjects scored, in order to 
discriminate between subjects in LH and RH Groups. The R-2 cut-off level on 
& given test was approximately two standard deviations below the RH Group's 
mean score. 

The analysis of all the investigations are presented in the next section. The results 
of each test are discussed individually, but for economy of presentation the data 
are tabulated according to the groups being compared, that is, performance and 
t-test data for all tests for Control, RH and LH Groups (Table 3); performance 
and t-test data for all tests for LH frontal, temporal and parietal groups (Table 4); 
performance and t-test data for all tests for LH temporal and non-temporal groups 
(Table 5). The incidence of deficits in Control, RH and LH Groups and in LH 
temporal and non-temporal groups is given in Table 6. Finally, an analysis of the 
LH Group errors on the naming task is presented in Table 7. 


Preliminary Tests 


Current IQ. Both RH and LH Groups displayed a significantly lower mean IQ 
(as determined from Raven's Matrices) than that of the Control Group (Table 3). 
Within the left hemisphere there were no significant differences in IQ between 
frontal, temporal and parietal subgroups or between temporal and non-temporal 
subgroups (Tables 4 and 5). Within the right hemisphere the parietal group yielded 
the lowest mean IQ, but again no significant intra-hemisphere differences, or 
trends towards them, were found. Despite the significantly poor performances of 
the LH and RH Groups only a small percentage of subjects within each group 
(i.e. less than 20 per cent) displayed deficits at the C-2 level (Table 6). Similarly, only 
small percentages of subjects in the left hemisphere temporal and non-temporal 
groups fell below Control Group limits. 


Phoneme Discrimination. Control, RH and ІН Groups all scored at similar 
levels, as did the LH subgroups, but there was no ceiling effect on this test. There 
were no significant differences between the Control, RH and LH Groups or 
between the left hemisphere subgroups (Tables 3, 4 and 5). Only 3 of the 57 LH 
subjects displayed deficits at the C-2 level test (Table 6): Two of these 3 were 
capable of repeating monosyllables without difficulty suggesting that their failures 
on the Phoneme Discrimination task were due to factors other than auditory 
imperception. 


Articulation. Although Control, RH and LH Groups all achieved very similar 
mean scores, the LH Group was significantly impaired compared with the Control 
Group (Table 3). The RH and LH Groups attained scores of 31-6 and 31-1 respec- 
tively, both being close to ceiling level. There were no significant differences 
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TABLE 3. MEANS AND STANDARD DEVIATIONS FOR CONTROL, RH AND LH Groups 
ON ALL TESTS, AND T-TEST DATA FOR COMPARISONS BETWEEN GROUPS 








Means (and standard deviations) t-values and significance levels 
Control RH LH Control уз RH Control vs LH RH vs LH 
(N=52) (N=41-43) (N 53-57) (df= 91-93) (df= 103-107) (df= 94-98) 
Current IQ 1124 1015 1041 3 96*** 2 98** 0 86 
(12 4) (14 4) (16-1) 
Phoneme Discrimination 36 7 36 6 361 0:57 134 077 
(Max score = 40) Q5 Q6 G7) 
Articulation 319 314 311 180 2 63** 1-56 
(Max. score = 32) (0 5) (0 8) (19) 
WAIS Vocabulary Subtest 118 113 89 108 485"** 3 70*** 
(Age scaled) (23) Q3) G7) 
Modified Token Test 144 137 94 2 53* 6.63*** 515*** 
(Max. score « 15) (1:2) (15) (54) 
Modified Peabody 58-1 564 540 265** 431*** 205: 
(Max score = 60) (1:9) (4:1) (64 
Auditory Choice vocabulary 55:8 538 482 226 583*** 3 g3*e* 
(Max. score = 60) (39) (49) (88) - 
Object Naming 147 147 110 0 26 5:77%%% 5 08*** 
(Max score = 15) (0 5) (06 (46) 
Description Naming 145 139 9-6 235r 6 99*»* 5 41*** 
(Max. score = 15) (08) (1:4) (49) 


t — trend, Р < 0-05, * = Р < 0502; ** = Р < 0 01, *** = Р <0 001 


TABLE 4. MEANS AND STANDARD DEVIATIONS FOR LH FRONTAL, TEMPORAL AND 
PARIETAL SUBGROUPS ON ALL TESTS, AND T-TEST DATA FOR COMPARISONS 
BETWEEN SUBGROUPS 








Means (and standard deviations) t-values and significance levels 
Frontal Temporal Parietal Fys P Еу Т Рэз Т 
(N= 16-17) (№= 31-33) (N= 23-25) (df= 37-40) (47—= 45-48) (df: 52-56) 
Current IQ 109 6 104-7 100-4 189 103 101 
; . (14 9) (16 4) (15 9) 
Phoneme Discrimination 36 2 355 367 088 063 | 124 
(Max score = 40) (1:3) (45) (22) 
Articulation 31-4 308 312 0 43 023 021 
(Max score = 32) (12) Q4 (13) 
WAIS Vocabulary Subtest 99 80 96 026 167 172 
(Age scaled) (39) (37) (32) 
Modified Token Test 108 87 9-1 113 133 0 30 
(Max score —15) (41) (59) (52) 
Modified Peabody 564 519 560 030 2 33° 246* 
(Max score = 60) (43) (72) (45) 
Auditory Choice Vocabulary 507 455 507 001 2-01 237 
(Max score = 60) (8 0) (8 8) (74) 
Object Naming 134 97 117 158 296** 1 66 
(Max score = 15) 08) (48) (40) 
Description Naming 119 19 107 101 2 94** 2 18 
(Max score =15) Q7) (52) (42) 


(= trend, P «005, * = Р <0 02, ** = Р <0 01 
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TABLE 5. MBANS AND STANDARD DEVIATIONS FOR LH TEMPORAL AND 
NON-TEMPORAL SUBGROUPS ON ALL TESTS, AND T-TEST DATA FOR COMPARISONS 
BETWEEN THESE SUBGROUPS 


Means t-values and levels 
(and standard deviations) of significance 
Temporal | Non-temporal T vs non-T 
(N=31-33) (№= 23-24) (df 52-55) 
Current IQ 104-7 103-1 0:44 
(16-4) (15-2) 
Phoneme discrimination 35-5 37-1 1:63 
(Max. score = 40) (4-5) (1-7) 
Articulation 30-8 31-7 1-82 
(Max. score — 32) (2:4) (0-5) 
WAIS Vocabulary Subtest 8-0 10-1 2.18: 
(Age scaled) (3-7) (3-4) 
Modified Token Test 8-7 10-4 1:20 
(Max. score = 15) (5-9) (41) 
Modified Peabody 51-9 57-0 3-26** 
(Max. score = 60) (7-2) (3:1) 
Auditory Choice Vocabulary 45-5 51:9 2-96** 
(Max. score — 60) (8:8) (7-0) 
Object Naming 9-6 12:9 2:82%* 
(Max. score — 15) (4-8) (3-1) 
Description Naming 79 122 3 56*** 
(Max. score = 15) (52) (3-1) 


t — trend, P «0-05. ** = P 0-01. *** = P 0-001. 


between the left hemisphere frontal, temporal and parietal subgroups, or between 
temporal and non-temporal subgroups (Tables 4 and 5). Only 14 per cent of the 
LH subjects displayed deficits at the C-2 cut-off level (Table 6). It was also noted 
that on other tests requiring expression (for instance, the WAIS vocabulary sub- 
test and description of a set of picture stories) only two of the LH subjects displayed 
articulatory difficulties of sufficient severity to impede their performance, and even 
in these patients such difficulties were relatively mild compared with other aspects 
of dysphasia. The incidence of deficits on the Articulation test was greater in the 
temporal group than in the non-temporal group but still very small compared with 
the incidence of deficits on other expressive tests (Table 6). 


WAIS Vocabulary Subtest. The LH Group was significantly impaired compared 
with both the Control and RH Groups (Table 3). There were no significant 
differences in the performances of the left hemisphere frontal, temporal and parietal 
subgroups (Table 4), but there was a trend towards significant temporal inferiority 
in a temporal vs non-temporal comparison (Table 5). A moderate proportion of 
the LH subjects (i.e. 30 per cent) could be discriminated from the Control and 
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TABLE 6. CUT-OFF SCORE DATA: INCIDENCE OF DEFICITS IN CONTROL, RH AND 
LH Groups AND IN LEFT HEMISPHERE TEMPORAL AND NON-TEMPORAL GROUPS 





Left hemisphere subgroups 
Controls RH LH Temporal Non-temporal 
Cut-off (N—52  (Ne41-43) (N 53-57) (N—31-33) (М=22-24) 
Current IQ C-2=87 2 5 (12% 9 (16%) 6 (18%) 3 (13%) 
R-2 = 73 0 0 0 0 0 
Phoneme Discrimmation C-2— 31/40 2 1 3 3 (10%) 0 
Articulation С-2 = 30/32 0 4 (9%) 8 (14%) 7 (21%) 1 
R-2 = 29/30 0 0 5 (9%) 5 (15%) 0 
WAIS Vocabulary (age-scaled) — C-2«-7 1 2 17 (30%) 13 (39% 4 (17%) 
Modified Token Test C-2= 12/15 2 5 (12%) 33 (59%) 19 (58%) 14 (60%) 
R-2 = 9/15 1 1 24 (43%) 17 (52%) 7 (30°) 
Modifled Peabody C-2 = 52/60 2 7 (16%) 14 (25%) 12 (36%) 2 (9%) 
R-2 = 45/60 0 1 7 (12%) 6 (18%) 1 
Auditory Choice Vocabulary С-2 = 45/60 2 40% 22 (39%) 17 (52%) 5 (22%) 
R-2 = 43/60 0 2 16 (28%) 12 (36%) 4 (17%) 
Object Naming C-2= 13/15 1 2 32 (57%) 23 (7022 9 (40%) 
Descriphon Naming С-2 = 12/15 1 5 (12%) 29 (52%) 22 (67%) 7 (30%) 
R-2 = 11/15 0 2 28 (50%) 22 (67%) 6 (26%) 


Percentages only quoted if greater than 5 per cent 


RH Groups at the C-2 cut-off level (Table 6). Within the left hemisphere, deficits 
were more prominent in the temporal group than in the non-temporal group. 


Modified Token Test. The LH Group was significantly inferior to both the 
Control and RH Groups, and the RH Group was mildly, but significantly inferior 
to the Control Group (Table 3). Within the left hemisphere there were no significant 
differences between the frontal, temporal and parietal subgroups or between the 
temporal and non-temporal subgroups (Tables 4 and 5). In view of the significant 
RH deficit on this task comparisons were also carried out between RH frontal, 
temporal and parietal subgroups, but no significant intra-right hemisphere 
differences were found. Substantial proportions of LH subjects (more than 40 per 
cent) could be discriminated from the Control and RH populations by the use of 
the C-2 and R-2 cut-off scores (Table 6). The left hemisphere temporal and non- 
temporal subgroups displayed an equally high incidence of deficits. 


Word-comprehension and Word-retrieval Tests 


Modified Peabody. The LH Group was significantly impaired eee with 
the Control Group and showed a trend towards being significantly inferior to the 
RH Group. A more pronounced LH vs RH difference was precluded by significant 
RH impairment on this task on comparison of the RH Group with the Control 
Group (Table 3). Comparisons between the left hemisphere frontal, temporal and 
parietal subgroups revealed that the temporal group was significantly impaired 
compared to the parietal group and showed a trend towards being significantly 
inferior to the frontal group (Table 4). A temporal vs non-temporal comparison 
also revealed a significant temporal impairment (Table 5). In view of the significant 
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RH deficit on this task comparisons were also carried out between RH frontal, 
temporal and parietal groups, but no significant intra-right hemisphere differences 
were found. Twenty-five per cent of the LH subjects displayed deficits at or below 
the C-2 level on this test, and within the left hemisphere the incidence of deficits 
was much greater in the temporal than in the non-temporal group (Table 6). 


Auditory Choice Vocabulary. The LH Group was significantly inferior to both 
the Control and RH Groups. There was also a trend towards significant impair- 
ment of the RH Group compared with the Control Group (Table 3). Within the 
left hemisphere the temporal group scored lower than either the frontal or parietal 
groups and there was a trend towards significant temporal inferiority compared ` 
with the parietal group (Table 4). A temporal vs non-temporal comparison revealed 
a significant temporal impairment (Table 5). Moderate proportions of LH subjects 
(about 30 per cent) could be discriminated from the Control and RH subjects by 
use of the C-2 and R-2 cut-off scores (Table 6). There was a much greater incidence 
of deficits in the temporal group than in the non-temporal group. The vast majority 
of LH subjects who displayed deficits on the auditory choice vocabulary task also 
displayed deficits on the Modified Peabody and vice versa, and there was a 
significant association of deficits at the C-2 level on each task. (y? = 25-55, 
Р « 0-001). Thus, in the majority of instances of word-comprehension impairment, 
deficits occurred concurrently on auditory-visual and auditory-auditory matching 
tasks. 


Object Naming. The LH Group was significantly impaired compared with both 
Control and RH Groups (Table 3). Within the left hemisphere the temporal group 
scored lower than either the frontal or parietal group and was significantly 
impaired compared with the frontal group (Table 4). Significant temporal group 
impairment was revealed in a temporal vs non-temporal comparison (Table 5). 
A substantial proportion of LH subjects (i.e. 57 per cent) could be discriminated 
from the Control and RH subjects by use of the C-2 cut-off score (Table 6). 
Although the incidence of Object Naming deficits amongst the LH subjects was 
much greater in the temporal group than in the non-temporal group there was 
none the less a sizeable incidence.of deficits within the non-temporal group. 
However, further examination of the data indicated that the naming deficits 
arising from non-temporal lesions are generally milder than those which arise from 
temporal damage. Adopting a stringent cut-off score of 8 or less correct out of 
15on Object Naming, 14 LH patients still displayed a deficit, but of these, 13 (93 per 
cent) had temporal lesions or lesions involving the temporal lobe. Severe Object 
Naming deficits would therefore seem to be good indicators of temporal damage. 


Description Naming. The LH Group was significantly impaired compared with 
both the Control and RH Groups. There was also a trend towards significant 
impairment of the RH Group compared with Controls (Table 3). Within the left 
hémisphere the temporal group was significantly inferior to the frontal group and 
showed a trend towards being significantly inferior to the parietal group (Table 4). 
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Significant temporal group impairment also emerged in a temporal vs non-temporal 
comparison (Table 4). Substantial proportions of LH subjects (about 50 per cent) 
could be discriminated from Control and RH subjects by means of the C-2 and 
R-2 cut-off scores (Table 6). Although there was a moderate incidence of deficits 
in the left hemisphere non-temporal group, the incidence was far greater in the 
temporal group. 

The vast majority of LH subjects who displayed deficits on Description Naming 
also displayed deficits on Object Naming and vice versa, that is, deficits occurred 
concurrently on auditory-visual and auditory-auditory naming tasks. The associa- 
tion of deficits at the C-2 level on each task was significant at the level (P — 0-01 
(x? = 23-28). 


Error Analysis. The naming errors made by the LH subjects on the Object 
Naming and Description Naming tasks were classified into the following types: 


Delayed correct —Correct response produced after naming failure has 
been recorded, i.e. response occurring between 67-15” 
for Object Naming and 8"-15" for Description Naming. 


No response —No verbal response within 15”. 

Semantic —Semantically associated word. 

Descriptive — Phrase indicating knowledge of additional properties 
of the object or of its use or function. 

Random word — Word unrelated to the object name. 

Articulatory >` —Incompletely articulated attempt to name. 

Literal paraphasic — Мота related in sound to the object name, including 
sound-related neologisms. 

Neologistic —Random nonsense word with no obvious relation to 
object name. 

Random verbalization— Random phrases or comments (including neologistic 
phrases). 

Perseverative — Responses from preceding test items. 


Table 7 shows the results of this error analysis for the 56 LH subjects tested on 
the naming tasks. On Object Naming the most common errors were no-response 
and descriptive, which occurred with equal frequency. On Description Naming 
no-response errors were by far the most frequent, with semantic errors second. Of 
note were the low frequencies of articulatory, literal paraphasic and neologistic 
errors on éach test, indicating that impairments at executive and/or phonetic 
levels were only relatively minor causes of naming difficulty. This latter observa- 
tion accords well with the findings of only minor articulatory and auditory- 
perceptual disturbances amongst LH subjects on other tests, for example, Articula- 
tion and Phoneme Discrimination. 

In that naming does not appear to have been seriously disrupted by articulatory 
and phonetic impairments it seems reasonable to attribute delayed-correct, 
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no-response, descriptive and semantic errors to either deficits in the word-store 
or to deficits in retrieval from it. Such errors account for about 75 per cent of the 
total errors on each test. Only 9 per cent of the total errors on each test are attri- 
butable to mis-articulations, literal paraphasias and neologisms (i.e. executive 
and phonetic disturbances). The remaining 17 per cent are made up of random 
words, random verbalizations and preservative errors, and are probably more 
appropriately regarded as intrusions rather than failures in processes directly 
involved in naming. 


TABLE 7. CLASSIFICATION OF NAMING ERRORS MADE BY LH SUBJECTS 


Object Naming Description Naming 
'Total no. of naming failures 


made by 56 LH subjects 224 302 

Types of error . 
Delayed correct 27 (11%) 19 (6%) 
No response 55 (23%) 143 (45%) 
Semantic 29 (12%) 59 (19%) 
Descriptive 57 (24%) 19 (6%) 
Random word 19 (8%) 11 (4%) 
Articulatory 11 (5%) 13 (4%) 
Literal paraphasic 2 3 (1%) 5 (2%) 
Neologistic 6 (3%) 9 (3%) 
Random verbalization 20 (9%) . 31 (10%) 
Perseverative 9 (4%) 3 (1%) 

Total of types of error 236* (100%) 312* (100%) 


* Total number of types of error exceeds total number of naming failures as very occasionally two 
types of error were made on one item. 


In order to assess the effects of word-store disturbances on naming, the name- 
récognition abilities of the LH patients were also investigated (see Method— 
Tests 8 and 9). On Object Naming 14 LH subjects (25 per cent) made errors of 
name recognition, and on Description Naming 17 LH subjects (30 per cent) 
made name recognition errors. Eleven of the subjects who made such recognition 
errors made them on both tests, demonstrating a significant association between 
performances on auditory-visual and auditory-auditory matching tasks (x? = 
17-60, P < 0-001). The Object Naming scores of the 14 subjects making recognition 
errors ranged between 0/15-14/15 correct (mean, 6-6/15); the Description Naming 
Scores of the 17 subjects who made recognition errors also ranged between 0/15- 
14/15 correct (mean, 43/15). On Object Naming the 14 patients who made 
recognition errors made 34 such errors, numerically equivalent to 31 per cent of 
their naming failures. If, as is possible, the recognition errors represent only 
two-thirds of the true number of recognition failures (one-third being guessed 
correctly in a three-choice task) then the true number of recognition failures is 
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likely to be c: 50 and numerically equivalent to almost half of these subjects' 
naming failures. 

As with naming deficits, name recognition errors would appear to be pre- 
dominantly associated with temporal lesions. On Object Naming Recognition, 
33 per cent of the temporal group patients (11) made errors as compared with 
13 per cent of the non-temporal group patients (3). On Description Naming 
Recognition, 45 per cent of the temporal group patients (15) made errors as com- 
pared with only 9 per cent of the non-temporal group patients (2). 


DISCUSSION | 


This study is concerned with the effects of unilateral cerebral lesions on a variety 
of language skills, particularly on the skills of word-comprehension and word- 
retrieval. It will be argued that deficits in word-comprehension and word-retrieval 
in the series of patients investigated here are attributable to impairment of semantic 
memory processes, and that such impairment is specifically associated with left 
temporal lobe damage. ] 

Three main groups of patients were tested— patients with unilateral left hemi- 
sphere lesions (LH Group), patients with unilateral right hemisphere lesions (RH 
Group) and a Control Group of neurological patients with miscellaneous extra- 
cerebral lesions (Controls). The vast majority of the lesions in the LH and RH 
Groups were tumours. One of the 43 RH patients (2 per cent) and 34 of the 57 

ІН patients (60 per cent) displayed clinically apparent dysphasia. 

The LH Group was found to be significantly impaired compared with both 
Control and RH Groups on complex tasks of language comprehension and 
expression— viz in carrying out complex instructions on a modified version of the 
De Renzi and Vignolo (1962) Token Test and in defining the words on the WAIS 
Vocabulary Subtest (Wechsler, 1955). Highly significant LH impairments were 
also found on tasks of word-retrieval, Object Naming and Description Naming, 
and on tasks of word-comprehension, a modified version of the Dunn (1959) 
Peabody Picture Vocabulary Test and an Auditory Choice Vocabulary test. 

In addition to the statistical demonstration of the LH Group's inferiority, 
substantial numbers of LH patients scored below the normal range of these 
various tests and could be clearly distinguished from Control and RH patients 
by means of ‘cut-off scores. These deficits cannot be ascribed to a reduction in 
general intellectual abilities in the LH Group, for although the LH Group displayed 
a significantly inferior mean IQ to that of the Control Group, that of the RH 
Group was even lower. A small number of LH subjects displayed IQs below the 
Control Group’s range, but not all of these displayed deficits on the language tests 
just described. The vast majority of LH patients with clear-cut language deficits 
had IQs within the Control Group's range. · 

In contrast to the poor performance on other language tests only a few LH 
subjects scored below normal limits on tests of Phoneme Discrimination and 
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Articulation (the latter being a subtest from the Minnesota Test for the Differential 
Diagnosis of Aphasia, Schuell, 1965). No significant LH impairment was dis- 
cernible on Phoneme Discrimination; Control, RH and LH Groups all scored 
at closelyssimilar levels. On the Articulation test (repetition of monosyllabic words) 
it was found that although the LH Group mean score was significantly inferior to 
that of the Control group the majority of LH patients scored at ceiling level. Only 
a smáll percentage of LH patients displayed deficits on this test despite very strict 
scoring (spontaneous corrections were not credited). On other expressive tests (for 
example, description of picture stories and WAIS Vocabulary) only 2 of the 57 
LH patients exhibited articulatory difficulties of sufficient severity to discernibly 
impair their performance and even in these cases the articulatory deficits were 
relatively mild compared with other aspects of dysphasia. Consequently the degree 
of articulatory impairment amongst the LH patients can be regarded as 
minimal. : 

These observations indicate that the word-comprehension and word-retrieval 
deficits of the LH group cannot be attributed to disruptions at the relatively 
peripheral input and output levels of phoneme discrimination and articulation. 
It therefore seems most likely that the word-comprehension deficits assessed in 
this study reflect disturbances in the word-store, that is, semantic memory, and 
that the word-retrieval deficits also reflect disturbances of this store or retrieval 
from it, that is, semantic retrieval. As regards the word-retrieval deficits, these 
conclusions are supported by an analysis of the types of error made on the naming 
tasks. Errors likely to reflect disruption of articulation or phonemic organization 
(articulatory, literal paraphasic and neologistic errors) accounted for only 9 per 
cent of the total errors on each test, whilst errors likely to reflect deficits in the word 
store or retrieval from it (no response, delayed correct, descriptive and semantic 
errors) accounted for about 75 per cent of the errors on each test. Although it is 
not possible to specify precisely the relative contributions of store and retrieval 
deficits in this latter 75 per cent of errors, an indication of the influence of store 
deficits on naming may be gained from the incidence of name recognition errors on 
the naming tasks. Such errors, which are further instances of word-comprehension 
deficits, were made by about half of the LH patients who displayed naming deficits, 
particularly those with the more severe naming impairments. Thus it appears that 
whilst semantic retrieval difficulties can account for the majority of naming failures 
amongst LH patients, semantic store deficits may none the less make substantial 
contributions in many cases. Whilst the conclusion reached in this study, therefore, 
is that the word-comprehension and word-retrieval deficits of the LH Group are 
predominantly attributable to impairment in semantic systems it is of note that 
Geschwind (1965, 1967) has ascribed some instances of naming and name- 
recognition failures in cross-modal naming tasks to disconnections between sensory 
systems and the speech area. The findings of this present study were that word- 
. comprehension, name-recognition and naming impairments usually occur in both 
auditory-auditory as well as auditory-visual tasks, indicating that these impair- 
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ments cannot appropriately be described in terms of disconnection syndromes and 
strengthening the view that they indeed represent semantic deficits. 

Within the LH Group there was a surprisingly high incidence of patients with 
temporal damage considering that the patients formed a consecutive series selected 
only on the criterion of having a demonstrable left hemisphere lesion. Why 
: temporal lesions should be over-represented is not clear. Nevertheless, there were 
sufficient patients with lesions in other regions of the left hemisphere to allow com- 
parison of frontal, temporal and parietal groups (with some overlap in composition) 
and temporal and non-temporal groups (with no overlap in composition). The 
temporal subgroup generally fared worse on language tasks than other localization 
subgroups both in terms of incidence and severity of deficits, but it is of note that 
no significant effect of temporal lesions could be detected on the tasks of Phoneme 
Discrimination, Articulation and the Modified Token Test, and only a trend 
towards a significant deficit emerged on the WAIS vocabulary subtest. In contrast, 
significant temporal lobe deficits were obtained on word-comprehension and 
word-retrieval tasks. 

Given the lack of impairment amongst the LH Group as a whole on the Pho- 
neme Discrimination and Articulation tests it was not unexpected that no effects 
of localization would emerge on these tasks. As regards phoneme discrimination, 
however, Luria (1958, 1973) has asserted that such impairment is a common 
consequence of lesions of the posterior-superior aspect of the temporal lobe 
(Wernicke's area) and the underlying basis of Wernicke's dysphasia, whilst 
Blumstein, Baker and Goodglass (1977) have reported that Wernicke's dysphasics 
show little phonemic discrimination disturbance. The lack of phoneme discrimina- 
tion impairment in this present study cannot be ascribed to a general lack of 
dysphasic symptomology, for, as noted earlier, massive LH deficits have been 
obtained on several other language tasks. Thus, in this study where the groups were 
determined according to site of lesion rather than to type of dysphasia, the finding 
that there is no substantial phoneme discrimination impairment in the temporal 
group strongly supports the position of Blumstein, Baker and Goodglass. The lack 
of significant temporal lobe impairments on the WAIS Vocabulary Subtest and 
the Modified Token Test, despite strong overall LH impairments on these tasks, 
affords two points. First, that performance on complex tests of language ability 
is sensitive to dámage anywhere within the left hemisphere and secondly, that the 
significant effects of temporal lesions on naming and word-comprehension are 
selective, and not merely the consequence of an over-representation of temporal 
lesions within the LH Group. The specific association of temporal structures with 
word-comprehension has previously been implied by the relatively poor per- 
formance of Wernicke's dysphasics with respect to other dysphasic types on word- 
comprehension tasks (Goodglass et al., 1966; Goodglass, Gleason and Hyde, 

1970) and this present study substantiates this impression. Naming difficulties 
have been regarded as specifically associated with left temporal damage by a 
number of authors (Symonds, 1953; Brain, 1961; Hécaen and Angelergues, 1964) 
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whilst others (e.g. Goldstein, 1948; Goodglass and Kaplan, 1972) consider them 
to be of little localizing significance. Although substantial proportions of patients 
in the frontal and parietal groups in this study displayed naming deficits, such 
deficits were more common and generally more severe in the temporal group. The 
most severe naming disorders (as exemplified by a score of 8 or less out of 15 on 
Object Naming and displayed by 14 of the LH patients) were almost exclusively 
the result of temporal lesions or lesions involving the temporal lobe. A similar 
observation has also been reported by Newcombe et al. (1971) in a study of the 
picture-naming deficits of men with focal missile wounds. 

It has already been argued that both the word-comprehension and word: 
retrieval impairments of the LH patients in this present study may represent 
semantic deficits. The lack of phonemic or articulatory impairments amongst the 
patients with lesions of the left temporal lobe in this study, and the observation 
that both word-comprehension and word-retrieval deficits occur on both auditory- 
auditory and auditory-visual tasks, indicate that this notion applies equally 
strongly to the significant left temporal impairments found in word-comprehension 
and word-retrieval in this study. It would therefore appear that damage to temporal 
structures results in deficits in semantic memory and semantic retrieval to a much 
greater extent than does damage elsewhere in the left hemisphere. 

In considering the effect of cerebral lesions on language skills we have so far 
been concerned with lesions of the left hemisphere. However, it deserves mention 
that some instances of impairment following lesions of the right hemisphere were 
also observed. Although the degree of impairment was invariably much less than 
that of the LH Group, significant RH deficits were found on the Modified Peabody 
and on the Modified Token Test, and trends towards significant deficits on 
Auditory Choice Vocabulary and Description Naming. In contrast, no signs of 
RH impairment were discernible on Phoneme Discrimination, Articulation, 
WAIS Vocabulary and Object Naming tasks. Swisher and Sarno (1969) have 
previously reported impaired Token Test performance following lesions of the 
right hemisphere and considered that this may reflect either inefficient scanning 
of the stimulus array or a high level linguistic deficit. Lesser (1974) has found 
significant right hemisphere deficits on picture vocabulary tasks despite adequate 
performance on other language tests involving pictorial material and thus con- 
cluded that lesions of the right hemisphere may specifically affect semantic com- 
prehension. Although the tasks in this present study on which the RH Group did 
poorly all require some comprehension of word meanings it seems unlikely that 
this was the basis of their difficulty. First, no RH impairment was manifested in 
the WAIS vocabulary subtest, a test on which there were clearcut left hemisphere 
deficits. In addition, the Modified Token Test, one of the two tests to yield a 
significant RH deficit, requires only very limited appreciation of vocabulary. It 
also seems unlikely that poor RH performance can be attributed to minimal left 
hemisphere disturbance via an unsuspected degree of bilateral dysfunction as no 
RH deficit emerged on Object Naming, one of the most sensitive tests of LH 
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damage. Perhaps the most plausible explanation of the pattern of RH performance 
is that it reflects difficulty in operating adequate (but as yet undefined) response 
strategies, that is, a high level cognitive deficit rather than an impairment in specific 
linguistic functions. 

Finally, having attempted to establish and interpret some of the language 
deficits arising as a consequence of cerebral tumours it is appropriate to consider 
the clinical relevance of this study. Several of the tests employed have yielded 
‘cut-off scores which may be used to differentiate subjects with brain lesions from 
the Control Group or subjects with left hemisphere lesions from Control subjects 
and subjects with right hemisphere lesions (see Table 6 and Appendix). It is hoped 
that clinicians may find these data useful in the detection and description of their 
patients' speech disorders. As regards interpretation, however, it must be empha- 
sized that the semantic basis for word-retrieval and word-comprehension disorders 
revealed in this study may not be so predominant in other series of patients in which 
temporal lesions may be less well represented. The lesions of this series of patients 
were predominantly tumours and therefore liable to early detection and inter- 
vention ; consequently the language deficits of these patients, although substantial, 
were likely to be less severe than those encountered in traumatic cases such as 
cerebrovascular accidents and missile wounds. There may well be greater sensory 
or articulatory components in the word-retrieval and word-comprehension 
deficits arising from traumatic etiologies and it is possible that other aspects of 
language function not examined in this study, for example, syntax, are also sensitive 
to ætiology. Some tentative support for these suggestions comes from the observa- 
tion that the patients in this series could not easily be classified into the conventional 
categories of Broca's and Wernicke's dysphasias—indeed, despite adequate 
representation of patients with anterior lesions, only one displayed a classical 
agrammatic Broca's dysphasia. Although examples of the fluent, paraphasic 
speech of Wernicke's dysphasia were found, the most noticeable feature of the 
expressive speech of the majority of the dysphasics in the study was anomia. 
Whether the qualitative differences which appear to be emerging between different 
populations are merely attributable to differences in severity of symptoms or 
whether they reflect crucial differences in the distributions of lesions occurring in 
these populations remains to be determined. 


SUMMARY 


Fifty-seven patients with unilateral left hemisphere lesions, 43 patients with 
unilateral right hemisphere lesions and 52 neurological control patients with 
extra-cerebral lesions were assessed on a battery of verbal tests designed to investi- 
gate word-comprehension and word-retrieval. The left hemisphere group was 
significantly impaired on most tests and some mild impairment was found in the 
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right hemisphere group. Many of the tests yielded ‘cut-off’ scores which could be 
effectively used to discriminate between the Control Group and patients with brain 
lesions, and between left and right hemisphere lesions. Deficits in word-comprehen- 
sion and word-retrieval in the left hemisphere group could not be attributed to 
impairments in auditory-perceptual or articulatory processes and were considered 
to possibly reflect impairments in semantic memory and semantic retrieval. Patients 
in the left hemisphere Group with temporal lesions or lesions involving the temporal 
lobe were significantly more impaired on word-comprehension and word-retrieval 
tasks than patients with lesions in other regions of the left hemisphere, indicating 
an association between left temporal damage and semantic deficits. 
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APPENDIX 


Phoneme Discrimination (Test No. 2) 
Examples: top top (S)* 
day вау (D)** 


geen greet (D) 
big big (5) 


type tye (5) king king (5) 
sell sell (S) leaf leave (D) 
choke joke (D) date date (S) 
gale tale (D) shock shock (S) 
nod nod (S) mine mine (S) 
leg led (D) rub rum (D) 
sue ZOO (D) thigh sigh (D) 
keen keen (S) tune tune (S) 
load load (S) vote note (D) 
than van (D) seem seen (D) 
meet meet (S) talk talk (S) 


rich гр (D) both both (©) 
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part path (D) bar т (D) 
sight might (D) rough rush (D) 
thn thn (5) jam jam (S) 
bake bathe (D) shoot boot (D) 
' pat cat (D) kite kite (S) 
juice ^ juice (5) town down (D) 
song sock (D) teeth teeth (S) 
fill fill (S) loud loud (S) 
Score (ex 40) 


* S — same. ** D = different. 


Modified Token Test (Test No. 5) 


Using Weigl's Blocks in Random Array 


. Put the red circle on the green triangle. 

. Put the blue square behind the yellow circle. 
. Touch the blue circle with the red triangle. 

. Pick up the blue circle OR the red triangle. 


Put the green square away from the yellow square. 


. If there is a black circle, pick up the red triangle. (Note. There is no black circle). 
. When I touch the green circle, you take the green square. (Note. Wait a few seconds before 


touching the green circle). 


. Put the green square beside the red circle. 

. Touch the squares, slowly and the circles, quickly. 

. Put the red circle between the yellow triangle and the green triangle. 
. Except for the green one, touch the circles. 

. Instead of the blue square, take the yellow circle. 

. Together with the yellow circle, take the blue circle. 

. After picking up the green square, touch the red circle. 

. Before touching the yellow circle, pick up the red square. 


Scoring notes 


Item No. 2: ‘Behind’ may be interpreted either with respect to the patient or the examiner (if facing 
the patient). Thus it may be necessary to ascertain which interpretation the patient has adopted. Credit 
18 also given if the blue square 1s put under the yellow circle. 

Jtem No. 9: Omission of one circle and/or one square is permitted. 
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Auditory Choice Vocabulary (Test No. 7) 


Narrow choice 
Example: 
Does Little mean small or less. 
Example: 
Does Halt mean slow or stop. 
Possess get own 
Timid afraid quiet 
Ledge shelf corner 
Precise correct exact 
Monarch: president king 
Twine String cotton 
Notion idea plan 
Vacant empty open 
Compel order force 
Nourish feed provide 
Omen risk warning 
Tedious boring difficult 
Elevate move raise 
Onus task burden 
Drastic extreme dangerous 
Ramble stray wander 
Hazard fright danger 
Strive try work 
Wily cunning clever 
Segment piece sample 


Anecdote: story record 
Disperse arrange scatter 
Replica copy model 


Score (ex 30) 


Wide choice 
Example: 
Does Shut mean speak or close. 
Example: 
Does Heap mean pile or float. 
Rely: depend dry 
Trench: ditch shoot 
Scarce: lovely rare 
Mingle: mix circle 
Banner: happy Лав 
Pilfer: steal leap 
Remote: distant cheat 
Outcome: fly result 
Amend: light change 
Fibre: thread flood 
Lethal: arrive deadly 
` Uphold: support age 
Rile: wheel annoy 
Vigour: energy remove 
Serene: rope calm 
Insolent: cheeky foreign 
Ballad: song animal 
Robust: beg strong 
Inhale: breathe teach 
Adept: skilful cloud 
Kiln: oven paint 
Cavalcade: name procession 
Lure: icy tempt 
Sever: crown , cut 
Vapour: disgraceful gas 
Bland: mild crush 
Malice: tie spite 
Dilate: instant expand 
Potent: powerful shiver 
Lucid: relax clear 
Score (ex 30) 
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Object Naming and Object Naming Recognition (Test No. 8) 
Objects (and acceptable alternative names) 
1. Bottle opener (opener, also can opener, tin opener if the dual purpose ‘coke’ can opener is used). 


Recognition: Corkscrew Wrench Bottle opener 
2. Key й 
Recognition: Key Bolt Chain 
3. Glove 
Recognition: Glove Sleeve Bracelet 
4. Onion 
Recognition: Carrot Onion Potato 
5. Rung 
Recognition: Necklace Brooch Ring 
6. Candle 
Recognition: Lamp Candle Torch 
7. Rubber (eraser) 
Recognition: Rubber Elastic band Sponge 
8. Compasses (compass—both singular and plural names are in common use). 
Recognition: Ruler Set square Compasses 
9. Plug 
Recognition: Switch Plug Fuse 
10. Thimble 
Recognition: Needle Thimble Cotton reel 
11. Button 
Recognition: Button Zip Shoelace 
12. Scissors 
Recognition: Knife Razor Scissors 
13. Clothes peg (peg) 
Recognition: Safety pin Paper clip Clothes peg 
14. Nail 
Recognition. Nail Screw Drawing pin 


15. Pencil sharpener (sharpener) 
Recognition: Potato peeler Pencil sharpener Cheese grater 
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Description Naming and Description Naming Recognition (Test No. 9) 
1. What do we call the frame which is covered in cloth or paper and flown by children on windy 


days?— Kite 
Recognition: Balloon Kite Boomerang 
2. What is the name of the flat shiny cutting part of a knife or sword?— Blade 
Recognition: Blade Saw Chopper 
3. What do we call the instrument that is used by dentists or roadworkers to make holes?—Dnill 
` Recognition: Drill Shovel Needle 
4. What ıs the name of the bird that flies at night and hoots?—Owl 
Recognition: Pigeon Owl Bat 
5. What 1s the name of the short wooden club carried by policemen?— Truncheon or baton 
Recognition: Flag Whip Truncheon 
6. What is the name of the long thin neck on a kettle or watering can, through which the water 1s 
poured ?—Spout 
Recognition: Spout Pipe Gutter 
7. What is the name of the jar or ornament in which we keep flowers? — Vase 
Recognition: Jug Tin : Vase 
8. What do we call the end of a shirt or blouse sleeve where the buttons are found ?— Cuff 
Recognition: Cuff Belt Collar ' 
9. What do we call the large grey animal with a trunk ?— Elephant 
Recognition: Rhino Elephant Wolf 
10. What is the name of the instrument used for plucking out hairs or picking up small objects?— 
Tweezers 
Recognition: Pliers Tweezers Scissors 


11. What is the name of the net or canvas bed that we hang up in order to lie on it?—Hammock 
Recognition: Couch Bunk Hammock 


12. What is the name of the instrument that men use to shave their faces? — Razor. (If reply is ‘shaver’ 
ask what the other name for it is) 


Recognition: Chisel File Razor 
13 What do we call the small winged insect that makes honey and stings?—Bee 
Recognition: Butterfly Spider Bee 
14. What is the name of the thin grey dust that remains after something has burned, like a cigarette ?— 
Ash 
Recognition: Ash Cinders Charcoal 


15. What do broadcasters speak into so that they might easily be heard?— Microphone or mike 
Recognition: Typewriter Microphone Gramophone 


Brain (1978), 101, 187-191 
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Nonstriatal Dopaminergic Neurons. (Advances in Biochemical Psychopharmacology, Volume 16). 
Edited by E. Costa and С. L. Gessa. 1977. Pp. 728. New York: Raven Press. Price $57.00. 


This book consists of about 100 articles contributed by 200 authors. Interest in non-striatal dopa- 
minergic neurons is strongly encouraged by the theory that schizophrenia is caused by overactive 
dopaminergic neurons. These can obviously not be the well-known nigrostriatal neurons, and this fact 
has intensified the search for dopaminergic neurons elsewhere. One group of neurons, termed meso- 
cortical, was found in the deeper layers of certain regions of the cerebral cortex, and the first part of the 
book describes their distribution and some pharmacological and physiological properties. Another 
group, which has been known for a longer time, is formed by the mesolimbic dopaminergic neurons, 
exemplified by the nucleus accumbens, and scattered chapters of the book deal with differences in the 
responses of these and the nigrostriatal neurons. An interesting finding is that those antipsychotic 
drugs which cause few extrapyramidal side effects are causing greater changes in dopamine metabolism 
in mesolimbic than in nigrostriatal neurons. A large part of the book deals with topics not related to 
etiology or treatment of psychoses: dopaminergic neurons in the median eminence and arcuate nucleus 
with all their endocrinological implications, dopamine-containing SIF cells (small, intensely fluorescent 
cells in sympathetic ganglia), and dopamine neurons in the renal vascular bed and the carotid body. 
Other chapters bring pharmacological characteristics as well as autoregulatory properties of dopa- 
munergic systems and their interaction with cholinergic and GABA containing neurons. The final 
chapters return to the original quest by reporting clinical observations trying to assess the relation 
between dopaminergic neurons and mental disease. 

The book will not only be of interest to readers interested in the psychiatric aspect of the role of 
dopamine, but to specialists in many other fields in which cells containing dopamine play an integral 
part. It is well produced and each contribution is accompanied by a list of references. 


M. VOGT 


Substance P. Nobel Symposium 37. Edited by ULF S. voN EULER and BENGT PERNOw. 1977. Pp. 360. 
New York: Raven Press. Price $30.00. 


Substance P, a vasodilator polypeptide first extracted from intestine and brain, and for forty years 
elusive to satisfactory analysis because purification of extracts containing it led to instability of the 
active principle(s), has now become one of the most popular subjects of research by neurochemists. 
Isolated in pure form by Chang and Leeman who were really looking for other hypothalamic poly- 
peptides, it was identified as an undecapeptide, its structure determined and confirmed by synthesis. 
The history of this discovery (Chapter 2 of the book) makes fascinating reading, and so does the descrip- 
tion of its distribution in the brain and gastro-intestinal tract, as illustrated in a paper by Hókfelt and 
six Swedish colleagues and by another article by Mroz, Brownstein and Leeman. The occurrence of 
substance P in 20 per cent of primary sensory neurons, its release on stimulation of dorsal roots, the 
observation that its injection into cerebral ventricles produces analgesia, and its very prolonged mem- 
brane action on cells of the dorsal horn which react to noxious heat, suggest a role in nociceptive path- 
ways, particularly those characterized by slow, progressive build-up of excitation. Certain cell groups 
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and terminals in well localized parts of the brain contain substance P, and it is obvious that the discovery 
of its role within the central and peripheral nervous system is a challenging problem. For anybody 
interested in this new development, the book represents an excellent source of the information as far 
as it was available at the symposium which took place in June 1976. 


M. VOGT 


` Nutrition and the Brain. Volumes 1 and 2. Edited by R. J. WURTMAN and J. J. WURTMAN. 1977. New 

` York: Raven Press. Price $30.00 each. Vol. 1. Determinants of the Availability of Nutrients to the 

Brain. Pp. 336, Vol. 2. Control of Feeding Behaviour and Biology of the Brain in Protein-Calorie 
Malnutrition. Pp. 523. 


In these two volumes different authors have written about various processes that influence the 
nutrition of the brain. This remit has been interpreted perhaps too broadly; for example, in the first 
chapter of Volume 1 there is a lengthy review of the diet of primates. This unusual comparative account 
of diets is included because 'nutrition-brain interactions form a complex homeostatic regulatory system 
evolved through natural selection’. The rest of the first volume includes chapters of closer relevance to 
brain-nutrition—energy metabolism, regulation of amino acids, availability of the B vitamins and 
choline. The second volume starts with a chapter on the control of eating behaviour. This extensive 
review (827 references) includes a section on the role of the hypothalamus and the participation of 
neurotransmitters. The developing brain 1s particularly susceptible to undernutrition and malnutrition. 
The effects of protein or protein-calorie malnutrition on the brain and behaviour are also covered. 

Unfortunately although these are well-written chapters, at least some of the subject has already been 
covered in recently published books. 


A. N. DAVISON 


Drive and Reinforcements: Behavioural Studies of Hypothalamic Function. By James OLps. 1977. 
Pp. 140. New York: Raven Press. Price $10.50. 


James Olds, while working with Peter Milner in Hebb’s laboratory at McGill University in 1953, 
made the discovery that electrical stimulation of some regions of the brain is rewarding, when he 
observed that rats would return repeatedly to a place where the stimulation was given. He proved that 
the stimulation was rewarding by showing that animals would work to obtain the stimulation, by, for 
example, pressing a lever, running through a maze, or crossing a shock grid. Olds then mapped the brain 
to determine which areas if stimulated would support self-stimulation, and found that many self- 
stimulation sites were grouped along the course of the medial forebrain bundle. He next investigated the 
nature of the reward produced, and found for example that at some brain sites hunger increased the 
self-stimulation rate. Working with colleagues, he went on to investigate the pharmacology of reward 
by determining whether rats would learn to self-inject their brains with small quantities of neuro- 
transmitters, and although learning could not be demonstrated, it was an interesting and potentially 
useful approach to the problem. Next he and his colleagues investigated neuronal activity during brain- 
stumulation reward and natural reward, and found some evidence in the rat that neurons in the hypo- 
thalamus had activity related to these processes. The neurophysiological analysis was then extended to 
the investigation of the effects of reinforcement by recording neuronal activity during learning, and 
changes occurring in different brain regions during learning were described and analysed. In this book, 
written not long before his death in 1976, Olds offered us a first-hand account of his own very original 
series of investigations and discoveries, and a review of others, into the neural substrates of reward 
and reinforcement, and provided us with some of his thoughts on the operation of these processes. The 
book includes chapters on intracranial electrical self-stimulation, on the effects of brain lesions on 
self-stimulation, on the role of catecholamines in reward, and on single unit studies of drive and 
reinforcement. 


E T. ROLLS 
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Tissue Hypoxia and Ischemia. Edited by M. Кҥгиїсн, R. COBURN, S. Lanirt and B. CHANCE. Advances 
in Experimental Medicine and Biology, Vol. 78. 1977. Pp. 385. New York: Plenum Press. Price 
$45.00. 


This multi-author book is based on the proceedings of a symposium held in the University of Penn- 
sylvania, USA. It is subdivided into four sections, one on the biochemistry of physiological oxygen 
sensors, two on the mechanism of oxygen sensing in tissues and the last on the circulatory and metabolic 
aspects of cerebral hypoxia and ischemia. 

In the first section conceptual problems concerning what constitutes a molecular oxygen sensor and 
' the transduction process are considered. Evidence is presented that cytochrome a, a? ts a prime candidate 
for the sensitive matching of oxygen supply to oxygen demand ın normoxia. Other candidates include 
P-450 (the microsomal enzyme which is found in large quantities ш the liver), monoxygenases, myo- 
globin and hemoglobin. A number of steps must take place between the molecular sensing of oxygen, 
and the reaction of the effector system and the possibility of H* ion amongst others as the mediator is 
thought attractive, since it would provide a common mechanism for both normoxic and hypoxic states. 
The concept of the physiological occurrence of hydrogen peroxide in mammalian tissues has received 
experimental support in recent years and so consideration is given to the possible role played by the 
peroxisomal enzymes (catalase, urate, L-«hydroxyacid and D-aminoacid oxidases) in the biochemical 
pathways for oxygen sensing mechanisms. The possibility that oxygen intermediators and hydro- 
peroxides may constitute part of a chemical system able to sense oxygen tension in the tissue 1s also 
discussed 


Possible explanations for the mechanisms of oxygen sensing in tissues that include transcellular or 
transmembranous current formation are outlined in the second and third sections. Various hypotheses 
explaining pO,-dependent mechanical tension in vascular smooth muscle are discussed including the 
idea that it may be mediated by a mechanism other than by the inhibition of егобіс energy production. 
The mechanism of oxygen-induced contraction of the ductus arteriosus is discussed and it is suggested 
that E-type prostaglandins may be involved in the maintenance of patency of the foetal ductus and that, 
as the pO, rises'at birth, the relaxant effect of prostaglandins will decrease, thereby facilitating the 
oxygen-triggered contraction that results in its closure. It is generally accepted that acute hypoxia induces 
vasoconstriction of the small muscular pulmonary arteries. Evidence for and against the role of mediators 
rather than a smooth muscle cell oxygen receptor in the pulmonary vasculature is presented. It is con- 
cluded that there is little evidence for an oxygen sensor in the coronary vasculature and that the mediator 
of vasodilatation appears to arise in the parenchymal tissue rather than in vascular smooth muscle. 
Evidence is presented in favour of adenosine as mediator for the regulation of blood flow in cardiac and 
skeletal muscle. The oxygen-linked response of carotid chemoreceptors and the effect of a variety of 
influences on it are described. However, the mechanisms of chemosensitivity are not clear but may 
involve the release of a ‘transmitter substance’, the conditioning of certain nerve endings or the con- 
traction of Type II cells. Evidence is presented that the glomus cells of the carotid body contain cate- 
cholamines—predominately dopamine—and it is suggested that endogenous catecholamines may act 
to modulate chemoreception through activation of an adenylate cyclase-cAMP system. 

The characteristic features of hypoxic hypoxia, both at normal and reduced perfusion pressures, as 
well as of complete-and incomplete ischzemia and how the metabolic changes relate to irreversible 
neuronal damage, are discussed in the last section. Studies in which changes in metabolites and NADH 
fluorescence indicate the heterogeneity of response to cerebral оірттпіа are presented, and it is suggested 
that inhomogeneous flow reduction is the most probable cause, or homogeneous flow reduction coupled 
with a heterogeneous metabolic rate would have the same result. Changes in cyclic nucleotide, in pO, 
and ion fluxes in various experimental models of cerebral hypoxia are described. Abnormalities 1n the 
control mechanisms regulating cerebral blood flow as well as disorders of cerebral metabolism are 
described in patients with stroke and in various animal preparations. The effects of hypovolemic shock 
on cerebral blood flow and its regulation as well as on brain metabolism and mitochondrial function 
are described. 
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The 32 chapters are reasonably authoritative and well written and include many informative illustra- 
tions, figures and tables. A comprehensive list of references is also appended to each. The volume was 
photographed from the typescript submitted by the authors, a method that allows rapid publication. 
This should also ensure a reasonable price so that at a cost of $45 the book seems to be rather expensive. 
The subjects encompassed by this symposium are varied, ranging from molecular biochemistry to 
clinical research in cerebrovascular disease. It is therefore difficult to know to whom this volume is 
principally directed, though the hope was to promote an interdisciplinary discussion of oxygen sensors 
in various tissues and to examine the effects of hypoxia on different organs, including the brain. This 
book will be of some interest to anyone with a working knowledge of tissue hypoxia and ischemia, but 
whether it will achieve its stated objective seems problematical. 


D. I. GRAHAM 


Chemical Pharmacology of фе Synapse. Ву D. J. TRIGGLE and С. К. TRIGGLE. 1977. Pp. 654. London 
and New York: Academic Press. Price £20. 


'Thus is a book full of valuable information on more than just the pharmacology of the synapse. 
Although many interactions between ligands and receptors take place at synapses, others occur at sites 
which are free of nerves, and these are included in the chapter on structure-activity relationship. 

Interest and work on transmitters and the molecular aspects of their production, mode of action and 
metabolism have grown unbelievably fast in the last decade. The book achieves a readable survey of 
the progress in spite of having to cope with a vast literature, many contradictory statements and a choice 
of alternative hypotheses. A very important concept which runs through the book is that of the con- 
formational flexibility of the interacting molecules, both of the transmitters and of the receptors, which 
helps to explain the variability and self-regulating character of many biological responses. 

The book will be a fount of information for the pharmacologist, the neurochemist and the general 
biologist. Each chapter has an extensive list of references, brought up to date by an additional list of 
publications covering the years 1975 and 1976. Generous use 1s made of diagrams and Tables reproduced 
from the literature Sometimes this means that the legend does not explain the abbreviations and symbols 
used so that the text has to be consulted. 


M. VOGT 


Peptides in Neurobiology. Edited by HAROLD GAINER. 1977. Pp. 464. New York & London: Plenum 
Press. Price $41.00. 


Peptides occur in low concentration in the central nervous system where they exhibit high potency 
and specificity. They have both transmitter and hormone-like properties with quite remarkable biological 
activity. і 

Thus, the hypothalamic-pituitary complex contains a great variety of oligopeptides which carry 
specific information generating behaviour patterns in response to environmental needs. There are, for 
example, remarkable effects of trace amounts of ACTH fragments and vasopressin on memory. There 
is also no doubt that interest in the neuropeptides was intensified following the discovery of the endo- 
genous peptides. However, although these aspects are covered in Peptides in Neurobiology the primary 
objective of the editor 1s to provide a scientific groundwork on which an understanding of future 
advances must rely. The temptation to write on the more speculative features of centrally acting peptides 
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Detailed consideration of neuroendocrine functions of the releasing factors and of peptides such as 
nerve growth factor are omitted because they are already well reviewed in the literature. The first section 
of the book is on.biochemical methodology and accounts of fluorescent techniques, radio-immunoassay 
and immunochemistry. The second part deals with anatomical localization, isolation and identification 
of CNS peptides (e.g. substance P, neurotensin, TRH, LH-RH, etc.). In the final parts of the book 
metabolism, pharmacological and behavioural effects of peptides are covered. There is a section on 
peptides and the invertebrate nervous system. This will be a useful book for the neuroscientist and can 
be recommended. 


А. №. DAVISON 


Pathology of Peripheral Nerves. Ву К. О. WELLER and J. Cervds-NAVARRO. 1977. Pp. 225. London: 
Butterworths. Price £13.50. · 


There are few books available to pathologists, to clinicians interested in peripheral nerves, or to 
experimentalists, which deal comprehensively with the technically difficult area between the central 
nervous system and the effector and sensory organs. This volume attempts to bridge the gap by con- 
sidering the nerve bundles and axons with brief, apposite references to their peripheral attachments and 
origins. In reviewing the relevant history (perhaps too briefly), technical methods (far too briefly) and 
the functional anatomy of normal peripheral nerves, the authors set the scene for the most important 
part of the book dealing with general pathology of peripheral nerves and the pathology of peripheral 
nerve diseases. The authors highlight the dangers of producing artefacts which can only be avoided by 
great care and experience. The sixty-odd pages (just under one third of the book) devoted to tumours of 
the peripheral nervous system seems disproportionately large considering that there are detailed works 
on such tumours in most libraries. 

The section on techniques will probably be disappointingly superficial to some who do not have the 
back-up of a versatile histology service but, even so, it might have suited some potential readers to know 
how the authors’ laboratories handle individual, difficult or critical techniques such as formalin-induced 
fluorescence, individual histochemical methods or silver-impregnation techniques rather than to be 
referred to other books and papers. The rationale for the use of many of the techniques mentioned is 
not given. 

In the sections dealing with pathology, the authors refer to a great many review articles in describing 
diseases and syndromes simply without being exhaustive and refer to relevant experimental work, This 
section, which is the most valuable in the book, is quite up-to-date. 

At 6:3 pence per page (or roughly three times that per page for the most valuable section) this book is 
unlikely to be bought privately. ` 

D. DOYLE 
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associated behavioral modifications. An attempt is made to specify relevant CNS changes 
which result from the complex interaction of an organism with its environment. A two-factor 
theory emerges, in which informational inputs to the CNS exert short-term "'non-specific" 
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of synaptic protein synthesized in those particular CNS structures concerned with the 
processing of specific unputs. This theory is in accord with both "'aggregate-field'"" and 
"cellular-connectionist" concepts, since it includes events that affect the whole CNS as well 
as those that persist as memories and which may be specific to synaptic connections of 
certain functional pathways. 
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VARIATIONS IN REGIONAL CORTICAL 
BLOOD FLOW IN THE RIGHT AND LEFT 
HEMISPHERES DURING AUTOMATIC SPEECH 


. by BO LARSEN, ERIK SKINH@J and NIELS A. LASSEN 


(From Department of Clinical Physiology and Department of Neurology, Bispebjerg Hospital, and 
Department of Neurology, Rigshospitalet, University of Copenhagen, Denmark) 


INTRODUCTION 


LOCALIZATION of the neurophysiological mechanisms involved in speech is 
based first of all upon the derangements of speech caused by lesions of certain 
cerebral structures, and upon the interference with speech induced by electrical 
stimulation of various cortical areas. This has proved that normal speech can be 
produced only if certain areas and certain pathways within the dominant hemi- 
sphere are intact. However, such observations do not give any information about 
the total cortical involvement in normal speech. As Hughlings Jackson stated: 
“То locate the damage which destroys speech and to locate speech are two different 
things’ (Jackson, 1874). The involvement of the non-dominant hemisphere 
demonstrated in our study emphasizes Jackson’s concept. The fundamentally 
correct approach to the problem of localization of speech functions is, therefore, 
to follow the pattern of neuronal activation during speech. So far, this has not been 
very fruitful. Electrophysiological events such as cortical evoked responses (Morrel 
and Salamy, 1971), slow negative potentials (McAdam and Whitaker, 1971), and 
EEG correlations (Galin and Ornstein, 1972) afford only a rough localization and 
are furthermore influenced by artefacts, especially when recorded from the scalp 
(Elliot and Grabow, 1973). 

Measurement of the blood flow in different brain regions appear to be a more 
precise method for finding the pattern of neuronal activation. This principle is 
implicit in the ideas formulated by Roy and Sherrington as early as 1890. They 
pointed out that a close coupling appears to exist between local blood flow, 
metabolism and functional activity in the brain (Roy and Sherrington, 1890). This 
close coupling was more firmly documented in the classic review by C. F. Schmidt 
in 1950, in which he summarized local blood flow measurements in animals, and 
total hemispheric blood flow and metabolism measurements in man, during 
various states of brain activity such as coma, normal conscious state and generalized 
epileptiform convulsions. 
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With the development of the *Xe intracarotid injection method, external 
recording of the blood flow in multiple small regions of hemispheric cortex in man 
became possible (Hgedt-Rasmussen, Sveinsdottir and Lassen, 1966; Lassen and ' 
Hegedt-Rasmussen, 1966). By this approach, specific alterations in the regional 
cerebral blood flow, rCBF, have been demonstrated during different forms of brain 
activity (Ingvar and Risberg, 1967; Risberg and Ingvar, 1973). By measuring the 
rCBF during voluntary movement of the hand, Olesen (1971) demonstrated that 
the blood flow in the contralateral sensorimotor hand area increases between 
50 to 100 per cent. No significant increase was recorded in the ipsilateral hand area. 
Using the same hand movement test and cyclotron produced radioactive oxygen, 
Raichle, Grubb, Mokhtar, Eichling and Ter-Pogossian (1976) showed that in 
neurologically normal subjects, not only rCBF, but also the regional cerebral 
oxidative metabolism, increases in the sensorimotor hand area. Thus, under 
strictly physiological conditions in man, the coupling between local neuronal 
activity, cerebral metabolism, and rCBF is now well established. 

The present study aims at mapping the pattern of cortical activation, induced 
by a simple automatic speech test which consisted in counting to twenty or reciting 
the days of the week. The maps represent the associated regional increases in 
cerebral blood flow. This has been done previously by Ingvar and Schwartz (1974). 
Using the 3?Xe intracarotid injection method and 16 to 32 detectors, they studied 
the dominant hemisphere and showed that automatic speech resulted in augmented 
flow values in the pre-motor, the rolandic, and the anterior and middle sylvian 
regions. Kohlmeyer (1975) found similar changes in the dominant hemisphere 
during conversation; in three subjects he found no changes in the non-dominant 
hemisphere. In our study we used the !?Xe intracarotid injection method and а 
254 detector imaging device (Sveinsdottir, Larsen, Rommer and Lassen, 1977). 
We here report local blood flow alterations in the cortex of both the dominant 
and non-dominant hemispheres in normal subjects performing the automatic 
speech test. In. other studies from our departments, this technique has proved 
applicable to localizing the somatic sensorimotor cortex for mouth, hand and foot 
in the rolandic region during various tactile discrimination tests (Roland and 
Larsen, 1976) and the cortical activity in patients with focal epilepsy (Hougaard, 
et al., 1976). 


PATIENTS AND METHODS 


The study population comprises 18 subjects. They were all right-handed. The mean age was 52 years, 
range 24-72 years. In 9 subjects the left hemisphere and in the other 9 the right hemisphere was studied. 

In all subjects the clinical symptoms and the electroencephalographic findings gave indication for 
carotid angiography in order to exclude space-occupying processes or vascular malformations. The 
angiography was done with the Seldinger technique and was normal in all subjects. With the patient's 
informed consent, the procedure was then continued with the flow study using the indwelling internal 
carotid catheter. The final diagnoses were epilepsy, migraine, psychogenic headache or hysteria. It 
should be noted that when we use the word normal to describe our material, this term refers first of all 
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to the absence of focal neurological deficits and to the normal angiogram. It may be added, however, 
that the normality was, in most cases, further confirmed by the demonstration of a normal pneumo- 
encephalogram, 9?*Tc-pertechnetate scan, or CT scan. The patients with epilepsy had suffered a few 
non-focal attacks and the EEG recordings made during the rCBF study did not show any paroxymal 
activity. 

The subjects received either no premedication or a small dose of diazepam. The examination was 
carried out in a quiet room with the subjects in a physically and mentally relaxed state. Their eyes were 
covered and their ears plugged with cotton wool. The first measurement was made without the subject 
speaking and the result is taken to represent the flow value during rest. After an interval of twenty 
minutes, the speech test was performed. The speaking started half a minute before the isotope injection 
and was continued during the first minute. The speed of speaking was one word per second. The subject 
was requested to count repeatedly to twenty or to recite the days of the week, that is, we have studied 
a type of simple automatic speech not requiring any mental effort, verbal commands or emotional 
involvement. à 

In 7 of the subjects the study included two measurements during rest and two during speech. 


Methods and Data-processing І 

The rCBF was measured by injecting !3?Xe into the internal carotid artery and recording the initial 
one-minute clearance of radioactivity from 254 regions of the labelled hemisphere. 

The detector system is a computerized multidetector scintillation camera. Its technical data and per- 
formance have recently been described in detail (Sveinsdottir et al., 1977) and will therefore only be 
mentioned briefly: the 254 crystals (8 mm in diameter) are arranged in an orthogonal matrix with 
19 columns and 14 rows on a slightly curved surface. The centre-to-centre distance between the crystals 
is 10 mm. The camera is collumated by a 4 cm thick lead slab with 254 converging cylindrical holes. This 
converging collimator, having its focus at a distance of 16 cm, yields a magnifying effect of about 1 5 at 
the level of the surface of the brain 3 cm in front of the collimator. The spatial resolution of the camera 
was checked by using two line sources of 1?Xe in a water bath. At a distance of 3 cm from the collimator, 
the line sources could be distinguished separately, as long as they were at least 16 mm apart. 

About 10 mCi of “*Xe dissolved in 2 ml of isotonic saline is injected as a bolus into the carotid artery 
and the washout of “Xe from the hemisphere is followed. The peak count rate for each detector is 
approximately 1000 counts per second. After two minutes, a TV monitor displays on a semilogarithmic 
scale the 254 clearance curves corrected for background and remaining activity. From these curves the 
slopes, taken from fifteen to sixty seconds after the injection, are calculated on-line using a least-square 
fit. The rCBF is calculated as D x 0:87x2:30x 100 ml/100g/min (Olesen et al., 1971), D being the 
numerical value of the slope of the clearance in the decimal logarithmic system and expressed in fraction 
of decade per minute; 0-87 the partition coefficient of “Xe for brain cortex; 2-30 the conversion factor 
from decimal to natural logarithm; and 100 the factor needed to obtain flow per 100 grams. 

The flow pattern is displayed on a colour TV monitor as an image of coloured squares imitating the 
spatial arrangement of the detectors and representing the flow values on a 16-level colour scale. The 
rCBF data are subsequently read into a general data-processing system. In this system, the rCBF data 
from different measurements can be compared. Areas of interest consisting of several adjacent detector 
fields can be defined, and statistical operation can be performed. The values are printed out on a teletype 
or displayed on the TV monitor in colour code. 

Within the first minute after injection of the isotope, a blood sample is taken from the internal carotid 
artery for determination of PaCO,, and the intra-arterial blood pressure is measured. The PaCO, at 
the first rCBF measurement is used as a reference value correcting the subsequent rCBF by 4% per 
1 mmHg difference in PaCO, (Olesen, Paulson and Lassen, 1971). 


Localization 


During the measurement, the subject was lying with the head in a fixed position relative to the scintilla- 
tion camera. The position was adjusted so that the line between the lateral orbital angle and the external 
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auditory meatus corresponded to the lowest row of the detectors with the external meatus placed opposite 
to the middle channel in this row. Small radioactive markers were fixed with adhesive tape to the nasion 
and inion as well as to the vertex half-way between nasion and inion. Immediately before the rCBF 
measurement, a picture was taken with the scintillation camera for localization of these markers on the 
image matrix. On this basis the main sulci and gyri were localized approximately, by making use of 
the proportional system of Talairach and Azikla (1967). 

The validity of this localization procedure was checked by studying twelve human skulls of different 
sizes and shapes. Radioactive markers were placed externally as in the in vivo studies. In addition, other 
markers were placed on the inside of the skull corresponding to the borders between the main cortical 
regions on the convexity of the hemisphere. In this way it was found that the external markers, together 
with the proportional system of Talairach, made it possible to determine the position of the internal 
landmarks within 5 to 15 mm. >» 


The Normal Resting Pattern of rCBF 


Twenty-three subjects were studied on the left side and 26 on the right. They all fulfilled the criteria 
‘of normality used for the speech study. The 18 subjects in the speech study were all included in this 
group of 49 who make up our normal material. The hemispheric mean flow averaged 52 ml/100 g/min, 
but with a range from 36 to 84. In order to compare the rCBF patterns, the rCBF value for each subject 
were expressed as percentages of the individual hemispheric mean value. By adding all the patterns, 
the average rCBF pattern was obtained for both the left and the right hemisphere (fig. 1). 

In order to determine whether such inter-individual differences blur the average picture to any 
essential degree, we defined 7 large brain areas in all 49 subjects using the method of Talairach and 
Azikla (1967). The rCBF values in percentage of the individual hemispheric mean were averaged for 
each of the 7 areas, the number of detectors included per area varying from subject to subject. The grand · 
average for each area was subsequently obtained for the total material (Table 1). Dividing the simple 
average picture into the same 7 areas gave practically the same result (see also Table 1). Thus, despite 
the individual differences in size and shape of the head, the simple procedure of superimposing the 
matrices, used in fig. 1, gave an essentially correct normal rCBF distribution pattern. 

The normal rCBF pattern is characterized by high flow values in the frontal regions especially in the 
upper part, where it is on average 12 per cent above the hemispheric mean. A frontal lobe average 
rCBF value below the hemispheric mean was found in only one of the 49 subjects, having a frontal rCBF 
3 per cent below the hemispheric mean. In this patient a pre-senile organic dementia had been suspected, 
but not definitely established clinically. 


TABLE 1. FLOW DISTRIBUTION DURING REST IN 7 AREAS OF 23 LEFT AND 
26 RIGHT HEMISPHERES 


Upper Middle Lower Upper Lower 
frontal frontal frontal central central Parietal Temporal 
% 76 76 76 % % % 
Left(n—23) Mean and SD — 1124-6 106--4 1064-5 1014-5 994-7 99-7 92--5 
"Areas defined individually 
for each subject 
Left (n — 23). Mean. Arcas 110 106 106 103 102 99 94 


defined after adding all 
23 hemispheres (see fig. 1) 


Right (n — 26). Mean and 11244 10744 108-4 1014-6 994-6 984-5 934-5 
SD Areas defined indi- 
vidually for each subject 

Right (n — 26). Mean. Areas 113 109 110 103 102 98 94 
defined after adding all 
26 hemispheres (see fig 1) 
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Values close to the hemispheric mean are found in the parietal region. The temporal regions show the 
lowest values, on an average 7 per cent below the mean. There is often a band of rather high flow values, 
10 per cent above the mean, corresponding to the anterior part of the lateral sulcus, and a 2-3 cm wide 
band of low values in the central part of the convexity corresponding to the course of the pre- and post- 
central gyrus. A very similar rCBF pattern was described for normal man by Wilkinson, Bull, du Boulay, 
` Marshall, Russell and Symon (1969) and by Sveinsdottir, Torlóf, Risberg, Ingvar and Lassen (1971-72) 
using a smaller number of detectors. It should be noted that the normal resting rCBF pattern shows no 
significant differences between left and nght hemispheres. 


Reproducibility of rCBF 


Repeated resting rCBF measurements were performed within the same study in 24 of the 49 normal 
subjects. After correcting for possible changes in PaCO,, the results showed a systematic decrease in 
mean hemispheric flow from first to second resting measurement. The decrease averaged 1-5 101/100 g/min 
for the left side (n = 13) and 5-6 101/100 g/min for the right side (n —11). Adding these systematic 
differences to the second resting measurements, the random experimental error was calculated as the 


2 
standard deviation, SD — / а For the left hemisphere SD was 3:2 11/100 g/min, for the right 4 8 ml/ 


100 g/min. Expressed as coefficient of variation, the random error was 6-5 per cent for the left hemisphere 
(average flow 49 111/100 g/min) and 8-7 per cent for the right hemisphere (average flow 55 ml/100 g/min). 

In order to evaluate changes in the pattern of rCBF, we calculated the percentage variations from the 
individual mean hemispheric flow for both the first and the second resting rCBF measurements. Using 
the same equation, the random error of the individual regional (one detector) measurement was 8-7 per 
cent (SD 2-4 per cent). For the 7 large areas, defined according to Talairach and each containing at least 
14 individual detector fields, the mean difference and the probability for a significant difference between 
the first and the second resting study were calculated for each area in each subject using the method 
of paired comparisons. By analysing the differences for the 7 areas in the left as well as in the right 
hemispheres, no systematic differences were found. For the 7 large areas, the random error of measure- 
ment averaged 3-3 per cent (SD 0-6 per cent). However, the individual subject might present significant 
differences between some of the areas, when the two resting values were compared: thus, in 6 subjects 
one area, in 6 two areas, п 2 three areas, and in 2 subjects four areas differed significantly. This probably 
reflects changes in local neuronal activity of brain cortex at the two measurements during rest. 

Fig. 2 demonstrates the reproducibility of the rCBF pattern during rest in the 13 left hemispheres and 
the 11 right hemispheres. The pictures are based on comparing the two resting studies each normalized 
to its hemispheric mean value using the equation У, (R,/R,)/(R,/R,) x 100, where К, and В, are the 
rCBF values from the first and the second resting study, respectively, and R, and R, the corresponding 
mean hemispheric flows. As seen from fig. 2, the average rCBF pattern 1s practically unchanged from the 
first to the second resting study. 


RESULTS 


As compared to the resting state no systematic changes were observed in PaCO,, 
mean arterial blood pressure or pulse rate during the speech test. 


1. The Mean Hemispheric Blood Flow 


In the 9 subjects in which mean flow was measured in the /eft hemisphere, there 
was no significant change from rest to speech: an average increase of 3 per cent 
was seen, range 16 to 17 per cent, P>0-1 (Wilcoxon test for paired differences). 
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In the 9 subjects in which mean flow was measured in the right hemisphere, the 
mean flow increased significantly from rest to speech: the average increase was 
10 per cent, range 2 to 24 per cent, P — 0-01 (Wilcoxon test). 


2. The rCBF Pattern 


Speech changed in all subjects the rCBF pattern obtained by expressing the 
measurements as percentages of the mean hemispheric flow. By comparing the 
average patterns during rest (fig. 3) and during speech (fig. 4), consistent changes 
are seen. These changes are, however, best shown by dividing each speech picture 
by the corresponding resting picture and multiplying by 100. The results for the 
whole material (fig. 5) contrast with the pattern-less pictures that were obtained 
by comparing the two resting studies to one another in the same manner (fig. 2). 

In the /eft hemispheres (upper part of fig. 5), rCBF was increased in (1) the 
~ posterior part of the superior frontal region, viz. the upper pre-motor area, (2) the 
lower part of the central region, viz. the face area of the rolandic region, and (3) in 
the posterior superior part of the temporal region, viz. the auditory area comprising 
the Wernicke speech area. No increase was found in the region immediately in 
front of the lower part of the rolandic area, viz. the Broca area. A decrease was 
found in the parietal region. 

In the right hemispheres (lower part of fig. 5), the rCBF increases involved the 
same three areas as on the left side. However, the pre-motor activation was less 
marked. It is also seen that in the rolandic face area the involvement was more 
diffuse and confluent with the increases in the temporal region. 

In order to localize the increase in the superior frontal region more precisely, 
additional rCBF measurements were carried out in one left and one right hemi- 
sphere. For these measurements, the head was orientated so that the camera 
viewed the vertex. As shown in fig. 6 the frontal rCBF increase during speech occurs 
parasagittally. This location would seem to include that of the supplementary 
motor area on the mesial side of the hemisphere just in front of the pre-central leg 
area (Penfield and Welch, 1951). 

We also analysed the individual changes in the rCBF pattern during speech by 
defining 10 areas in each of the hemispheres according to the system of Talairach 
and making paired comparisons for all detector fields inside each area. The average 
response in the 10 areas was evaluated by a simple sign test considering only areas 
where significant changes occurred (see Table 2 and Table 3). The analysis con- 
firmed statistically the significance suggested by the obvious changes seen in fig. 5. 
For the left hemispheres rCBF, expressed in per cent of the hemispheric mean 
value, increased significantly by about 15 per cent in the upper pre-motor area, 
in the lower central area, and in the upper posterior part of the temporal area. For 
the right hemispheres significant increases of about 15 per cent were likewise 
found in the lower central area and in the upper posterior part of the temporal 
area. The upper pre-motor area on the right side showed a mean increase of 11 per 
cent, an increase which did not reach statistical significance. For both the left and 
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the right hemispheres, the parietal area showed a decrease. Another slight decrease 
was found in the middle frontal area of the left hemisphere. 


3. The Mean Blood Flow and the rCBF Pattern in Repeated Measurements 


In the 3 left-side and the 4 right-side studies in which the measurements were 
repeated during rest as well as speech within the same study, the mean hemispheric 
blood flow was lower at the second measurement in both conditions. The resting 
values decreased on average 6 per cent (range 0 to —20 per cent) and the values 
during speech 10 per cent (range +2 to — 19 per cent). On the other hand, the 
rCBF patterns during rest and speech did not differ in repeated measurements. 


DISCUSSION 
Methodological Considerations 


Tbe initial slope index is well established as a quantitative index for the blood 
flow of the grey matter (Heedt-Rasmussen et al., 1967; Olesen et al., 1971; Kanno 
and Uemura, 1975). During mental activity, alterations in blood flow occur mainly 
in the grey matter, and this component of cerebral tissue blood flow, therefore, is 
of the greatest interest for the mapping of functional changes in the brain (Ingvar 
and Risberg, 1967; Risberg and Ingvar, 1973). It should, however, be emphasized 
that we record only the initial slope in the parts of the hemisphere supplied by the 
internal carotid artery. It should also be emphasized that the cortex of the hemi- 
sphere is an extremely folded structure. Hence each detector is recording the 
weighted sum of local blood flows in several layers of grey matter. The absorption 
of radiation within the tissues means that flow in the outer layers of cortex is 
recorded with the highest efficiency. Furthermore, the high spatial resolution 
yielded by the 254-detector imaging device decreases with depth because of over- 
lapping of neighbouring detector fields. The changes found in the rCBF, therefore, 
pertain mainly to the superficial part ofthe lateral cortical mantle of the hemisphere. 

The time interval used for calculating the initial slope is from fifteen to sixty 
seconds after isotope injection. We therefore integrate all the transient changes in 
blood flow which occur during that period of time. It is conceivable that the 
cortical areas involved in a specific task, for example, automatic speech, are 
activated for a fraction of the time interval only. If so, the local metabolism and the 
blood flow may not be measurably altered. Furthermore, the method obviously 
does not give any information about the temporal relation between the activation 
of the different cortical areas. 

The fact that our main results are based upon differences in rCBF between the 
conditions of rest and of automatic speech may, however, imply a more important 
limitation than that due to grossness of spatial and temporal resolution. We do 
not know what the brain is doing during ‘rest’. Some of the areas involved in auto- 
matic speech may be functioning also during the ideation characterizing the 
‘resting’ state. In such areas, then, no change would be detectable. 
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Changes in Mean Hemispheric Blood Flow 

As first pointed out by Ingvar and Risberg (1967), the effect of mental activity 
upon rCBF can be regarded as consisting of two components: global variations, 
reflected by changes in the mean hemispheric blood flow, and regional variations, 
reflected by changes in the rCBF pattern. This mode of interpreting the data is in 
accordance with the findings of general changes as well as specific local changes 
in the EEG during mental activity (Homskaya, 1975). 

We have shown that a second rCBF measurement during rest normally shows 
a decrease in the mean hemispheric blood flow. The pattern of rCBF, however, 
remains unchanged. The decrease in mean flow, which was more pronounced in 
the right hemisphere than in the left, may reflect changes in the subject's general 
arousal, activation and vigilance. The mere fact that, during successive rCBF 
recordings, the subject becomes accustomed to the situation, may thus induce 
an habituation influencing the general cortical tone—as expressed by the general 
metabolic level of the cortex (Betz, 1975). 

During automatic speech, the mean hemispheric blood flow on the left side did 
not change significantly, but the 3 per cent decrease that could have been expected 
from the repeated studies during rest was not found. 

In the speech measurements performed on the right side, however, the mean 
hemispheric blood flow was significantly higher than during the preceding rest, 
. on the average 10 per cent higher. Recalling that on the right side a systematic 
decrease of 10 per cent could have been expected from the repeated rest studies, 
the increased flow in the right hemisphere is even more striking. 

As we cannot measure rCBF simultaneously in both hemispheres, the rather 
surprising difference in the general activation of the right and the left hemispheres 
during automatic speech might be due to random variations in the population 
studied. The results of intracarotid injection of sodium amytal during automatic 
speech give strong arguments against a specific role ofthe non-dominant hemisphere 
in performing this task (Wada and Rasmussen, 1960). So, if we may assume that 
our global changes are not caused by random inter-individual differences, we may 
take them to suggest a more massive involvement of the right than of the left 
hemisphere in the increased vigilance response during the test. 


Changes in the rCBF Pattern 

In both hemispheres, the cortical areas specifically activated during automatic 
speech were two areas involved in the motor performance of speech and one area 
involved in the auditory perception of speech. The only differences between the 
two sides consisted in the left hemisphere showing a slightly more marked involve- 
ment of the pre-motor cortex and a more distinct pattern of activation in the central 
and temporal regions, as illustrated in fig. 5. The more distinct pattern of the left 
side might, however, be due to the lesser global rCBF increase on this side, that is, 
the diffuse (global) activation could have masked the activation of specific areas 
to a smaller extent on the left side than on the right. 





Fic. 1. Normal hemispheric flow distribution during rest. Average from 23 subjects measured in the left hemispher 


(upper) and 26 subjects measured in the right hemisphere (/ower) 





FiG. 2. Average changes in the hemispheric flow distribution from the first to the second resting study. T hir 


hemispheres (upper) and 11 right hemispheres (/ower) 





FiG. 3. Average hemispheric flow distribution during rest in subjects tested during automatic speech. Nine left 
hemispheres (upper) and 9 right hemispheres (lower) 





Fic. 4. Average hemispheric flow distribution during automatic speech. The same 9 left hemispheres (upper) 
and 9 right hemispheres (/ower) as shown in fig. 3 





FiG. 5. Average changes in the hemispheric flow distribution from rest to automatic speech. The san 
hemispheres and 9 right hemispheres as shown in figs. 3 and 4 
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Fic. 6. Vertex view. Changes in the hemispheric flow distribution from rest to automatic speech in one 


hemisphere and in one left hemisphere. Increases during automatic speech are seen in the region compr 
supplementary motor area of both hemispheres. 





Fic. 7. Summary of areas in which stimulation may interfere with speech or produce vocalization in the dominant 
hemisphere (Penfield and Rasmussen, 1949). 
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Our results from the left hemisphere confirm the findings of Ingvar and Schwartz 
(1974). Using a 32-detector system they found the blood flow values during auto- 
matic speech augmented mainly in a z-like area including the upper frontal, the 
middle and lower central, and the anterior and middle sylvian regions. The higher 
spatial resolution of the 254-detector system we use allows a more precise mapping 
out of the cortical areas involved: the upper pre-motor cortex, comprising the 
supplementary motor area, the face area of the rolandic region, and the posterior 
superior temporal region, comprising the temporal auditory area and the auditory 
speech area of Wernicke. The anterior sylvian region, comprising Broca's area, 
did not show any increase in rCBF in our study, whereas Ingvar and Schwartz 
interpreted their pattern of rCBF responses to indicate involvement of this area too. 

The most convincing evidence about localization of speech functions has been 
obtained in neurophysiological studies during neurosurgery. In particular Penfield 
and his associates have thus outlined for either hemisphere the cortical areas 
involved in speech (Penfield and Rasmussen, 1949; Penfield and Roberts, 1959). 
Fig. 7 summarizes the areas in which electrical stimulation interferes with speech 
or produces vocalization in the dominant hemisphere (Penfield and Rasmussen, 
1949). A comparison of their findings with our rCBF maps of the dominant hemi- 
sphere (fig. 5, upper part) reveals that our data involve practically the same areas, 
though the lack of activation of the region comprising the frontal and parietal 
opercular convolutions in our study is noteworthy. The Broca area at the frontal 
opercular convolutions in the left hemisphere is a small area as compared to the 
posterior speech area of Wernicke. The spatial resolution of our measurements 
may not be fine enough for an increased flow in the Broca area to be detected. 
Another possible explanation of the apparent lack of response from the Broca and 
the parietal speech areas is that these areas are also active during 'rest'. It should be 
noted, however, that during listening to simple words, onomatopcia, without 
producing speech or during listening to music, we have found localized increases 
in the frontal and the parietal opercular regions of the left hemisphere (Larsen, 
Skinhej and Lassen, to be published). 

In the non-dominant hemisphere, Penfield and Rasmussen (1949) found the 
supplementary motor and the rolandic face area to be involved. However, no 
response could ibe elicited from the frontal and parietal opercular convolutions 
or from the temporal lobe. As illustrated in fig. 5, lower part, we also found activa- 
tion of the two areas seen by Penfield and Rasmussen. Both are areas that play a 
rolein the motor performance of speech. In addition, on our map the activation also 
includes the posterior superior temporal region. We interpret this finding as an 
activation of the right auditory cortex. A simple explanation is that the subjects have 
been listening to their own voices, using both ears and both temporal auditory areas. 


Clinical Aspects 


Owing to the consistency of the rCBF response during automatic speech we are 
now using this test to study the integrity of the cortex in certain clinical syndromes. 
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With conventional methods, the bilateral cortical connections of the rolandic 
mouth area and the auditory cortex render it difficult to reveal lesions of these 
areas in the non-dominant hemisphere. In such cases, particularly in patients with 
left-sided hemiparesis and no speech abnormalities, the automatic speech test 
often shows a much wider cortical involvement than suspected clinically or on the 
basis of EEG, angiography, isotope scan and CT scan. 

We have also made preliminary studies of the rCBF pattern in patients with 
aphasia during attempts to speak (Soh et al., 1978). Such patients constitute a very 
complex group, particularly with regard to the site of tissue damage. In the 
13 patients studied the rCBF pattern showed great abnormalities in the dominant 
hemisphere. The abnormal rCBF values were not limited to the site of the disease, 
but revealed cortical dysfunction of areas remote from the primary lesion, probably 
related to functional derangements of inter-area communications. Thus, in patients 
with sensory aphasia, as characterized by fluent, but highly abnormal speech, 
cortical dysfunction was always found in the posterior part of the upper temporal 
lobe. Patients with motor aphasia, as characterized by inability to speak, but with 
preserved understanding of spoken and written words, showed dysfunction in the 
lower part of the rolandic area and the lower part of the pre-motor region (but the 
Broca area was not found to be consistently involved). In patients with complete 
lack of all language functions the dysfunction included more widespread cortical 
areas comprising the posterior temporo-parietal region as well as the lower rolandic 
area and the adjacent pre-central area. 

Our observations demonstrate that the performance of the rather simple task 
of spoken speech involves activation of both hemispheres. Other aspects of speech 
should be similarly studied. As mentioned above we have studied the response to 
a listening test. We also have preliminary results from studies during bi-directional 
. conversation, reading aloud or merely memorizing a text. By this type of systematic 
survey we expect to show how different constellations of cortical areas are co- 
operating in performing the different tasks. Conversation, thus, is likely to involve 
not only the cortical areas of importance for speech, but practically the whole 
brain, the left as well as the right side. Direct proof of such involvement and even 
a rough quantitation of the degree of involvement of the different cortical areas are 
within reach of the functional mapping approach used in this study. 


SUMMARY 


Regional cerebral blood flow (rCBF) was measured during rest and during an 
automatic speech test consisting in counting to twenty or reciting the days of the 
week. The intracarotid **Xe method was used and rCBF was recorded from 
254 regions of one hemisphere: the left in 9 subjects and the right in another 9. 
All subjects had had carotid angiography for diagnostic purposes, and in all the 
angiogram, as well as other neuroradiological investigations, were normal. 
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rCBF measurements during rest revealed no differences between the left and 
right hemispheres. rCBF measurements during the subsequent automatic speech 
test revealed an increase of 10 per cent in total hemispheric blood flow in the right 
hemispheres, whereas no significant change from the preceding measurement 
during rest was observed in the left hemispheres. 
The pattern of flow distribution changed significantly in all the hemispheres. 
.In either side, the flow increased in the upper pre-motor area, probably comprising 
the supplementary motor area, in the sensorimotor mouth area, and in the auditory 
area of the temporal lobe. On the left side, however, the pre-motor rCBF increase 
was more marked and the mouth area was better separated from the auditory area. 
In agreement with the classic observations of Penfield and co-workers, we find 
both hemispheres to be involved during automatic speech. We could not, however, 
find evidence of activation of Broca's area or of the posterior inferior part of the 
left parietal lobe. 
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THE NATURAL HISTORY OF 
INTERMITTENT CLAUDICATION OF 
THE CAUDA EQUINA 


A LONG TERM FOLLOW-UP STUDY 


by J. N. BLAU and VALENTINE LOGUE 
(From The National Hospitals, Queen Square, WC1 and Maida Vale, W9) 


INTRODUCTION 


OUR purpose in this communication is to report on the natural history of the 
syndrome that we called intermittent claudication of the cauda equina (Blau and 
Logue, 1961), and to discuss its still disputed pathogenesis. 

The subject will not be reviewed in detail, a task ably performed by Jellinger and 
Neumayer (1972) who collected 120 cases from the world literature. However, 
a brief point about priorities: credit for the first descriptions must be given to 
Van Gelderen (1948) who recorded 2 patients, one of whom was successfully 
decompressed, and to Verbiest (1954, 1955) who annotated the first series of 
patients. Verbiest (1955) stressed developmental narrowing of the lumbar spinal 
canal as a major contributory factor but originally considered that the dimensions 
of the lumbar canal could not be assessed on plain radiographs. Although this has 
recently been shown to be feasible (Jones and Thomson, 1968), myelography 
remains the definitive diagnostic procedure. 

We reported 6 cases in our earlier communication, since when we have seen 
a further 16 patients. The long-term follow-up of these 22 patients provides the 
basis of this report, briefly presented at the Fourteenth International Neurological 
Congress in Barcelona (Blau and Logue, 1973). 


THE PATIENTS 


The ages of the patients when seen by us ranged from 32 to 75 years with an average of 58-4 years. 
The age at onset of symptoms is illustrated in fig. 1. Only one in this series of 22 cases was female: 
this large male preponderance features in the world literature but remains unexplained (Jellinger and 
Neumayer, 1972). 

The duration of symptoms before referral to a neurological department is illustrated in fig. 2. It is 
apparent that cases are not being readily recognized. Three modes of presentation were evident 1n 
this series. 
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A. 14 Patients d 
Paresthesie spread along the lumbosacral dermatomes simultaneously or successively in the lower 
limbs as previously illustrated (Blau and Logue, 1961). These sensations were induced only by activity 
either (i) after walking a certain distance and relieved by standing, or (ii) after standing for a definitive 
length of time with relief on sitting down. 
B. 5 Patients 
Pain in the sciatic distribution provoked by walking or standing but not while sitting or lying. 


C. 3 Patients 

A mixture of the patterns described under A and B. 

In all cases symptoms appeared during a period of activity—usually walking, occasionally while 
standing but never at rest. When symptoms were at their height 5 patients experienced leg weakness 
accompanied by fear of falling. In 2 instances urethral sensation was absent when the numbness was 
maximal. 


Physical Signs 

Physical signs were remarkably scanty in many instances, even in the presence 
of disabling symptoms. Thus absence of one or both ankle jerks was the.only 
abnormality in 9 out of 22 patients; in 3 others restricted straight leg raising was 
the single abnormal physical sign. The remaining 10 subjects had frank evidence 
of one or more cauda equina root lesions—6 motor, 2 sensory and 2 motor and 
Sensory. 

Examination of the lower limbs after sufficient exercise to induce symptoms, the 
‘exercise test’, may assist in diagnosis or management. Initially it may distinguish 
between neurogenic and vascular claudication, when, in the latter condition, the 
feet pale and the pedal pulses disappear (De Weese, 1960). In the 10 patients whom 
we examined after exercise, symptoms of pain or paresthesia were provoked in 
4 without change in physical signs. But in 5 others, increased neurological signs 
were observed: straight leg raising was reduced from 80 to 30 degrees and a foot 
drop appeared (Case 10); knee jerks became depressed and returned to normal 
after rest (Cases 1 and 7); knee and ankle jerks increased (Case 12); legs became 
so weak that the patient nearly fell (Case 19). One patient demonstrated that she 
could double her walking distance by forward flexion of the trunk (Case 11). Two 
patients whose claudicating distance was twenty to fifty yards could cycle on a 
stationary bicycle for distances equivalent to a mile when dyspnoa (Case 19) or 
aching legs (Case 20) stopped their activity. In one patient, after myelography, 
symptoms occurred on standing whereas previously intermittent symptoms were 
brought on by walking a quarter of a mile (Case 18). 


Radiology 

It has not been possible to trace all the patients’ x-rays, particularly those taken 
more than five years ago, many having been destroyed or lost. Nevertheless, the 
plain films which have been reviewed reveal considerable pathology: narrowed 
disc spaces, osteophyte formation, osteoarthritis of apophyseal joints, enlarged 
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laminz and apposition of apophyseal joints which suggest a narrowed canal in 
- the saggital diameter. The antero-posterior spinal canal diameter is measurable 
in many instances but the limits are not as well defined as in the cervical region. 
‘Furthermore, because the spinal canal may be altered from a rounded to a tri- 
angular cavity (Epstein, Epstein and Lavine, 1962), an index attempting to relate 
the interpedicular distance and antero-posterior canal diameter with the transverse 
and antero-posterior diameter of the vertebral bodies has been suggested (Jones 
and Thomson, 1968). However, even with the best plain radiographs, the precise 
site and extent of the lesion that needs decompression to relieve symptoms is 
determinable only by myelographic screening. Hence myelography remains the 
definitive diagnostic procedure. In our series the myodil column was obstructed 
at the following sites: L3/4 disc level alone, 5 cases; L4/5 disc level alone, 11 cases; 
two disc levels, 6 cases. 


Operative Findings 
The spinal canal was narrowed by the following factors, multiple in some 
instances, in 20 patients who had a laminectomy. 


Thickened laminz 8 cases 
Thickened ligamenta flava 11 cases 
Hard disc protrusion 7 cases 
Soft disc protrusion 10 cases 
Narrowed canal in lateral direction 8 cases 
Thickened or adherent roots 3 cases 


CASE HISTORIES 


Three patients required a second operation (Cases 7, 11 and 22) and 2 others 
were not operated upon (Cases 5 and 17). These case histories will now be described. 
Because such cases have not previously been recorded we recount the histories in 
some detail. 


Re-operation 


Case 7. A 47-year-old man experienced lumbar back pain while digging; this pain lasted six weeks. 
Five months later, mild exercise provoked bilateral leg pain, initially at the back of the thighs to knee 
level, but latterly, predominantly in the anterior compartment of the thighs. The pain was accentuated 
by coughing, sneezing and laughing. 

Examination showed tenderness over the lumbar spine. Straight leg raising was 80 degrees bilaterally 
and the left thigh measured } in less than the right. The exercise test showed that after a fifteen-minute 
walk, he developed lumbar and thigh pains, the left knee jerk became depressed and both quadriceps 
weak. Р 

On plain x-rays the lumbar disc spaces were minimally narrowed with short, thick pedicles. Attempted 
lumbar puncture at L3/4 and L4/5 spaces failed but myodil introduced at L2/3 space revealed a narrowed 
canal and small disc protrusions at L2/3 and L4/5. 

At operation, the L2, 3, 4 and upper half of L5 laminz were thickened (up to 2 cm) and ivory-hard; 
the diarthrodial joints weré only' 1% cm apart, the spinal canal was narrowed and the ligamenta flava 
thickened. The local joint anatomy caused some restriction of bone decompression at L2 and L3. Both 
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L5 roots were adherent to a degenerate L4/5 disc which protruded 4 mm into the spinal canal; this disc 
was removed. 

Six months after operation the patient still had back pain and walking five hundred yards gave rise 
to a sensation of‘weakness and heaviness in the legs. 

He was re-admitted to hospital, when his straight leg raising was 75 degrees bilaterally and the femoral 
stretch sign positive. A second myelogram showed an almost complete block at L4/5 and considerable 
obstruction behind the body of L2. 

At a second operation, a laminectomy of L1 and L5 was performed, thus the whole of the lumbar 
spinal canal was decompressed. One year after his second operation, the patient described himself to 
be symptom-free. 


Comment. The restricted L4/5 laminectomy at the first operation was inadequate. The weakness of 
the quadriceps, the diminished knee jerk after exercise, the unsuccessful lumbar puncture at L3/4 and 
the initial myelographic findings all provided pointers that the lesion extended higher than the previously 
decompressed zone. An extensive laminectomy from L1 to L5 resulted in a symptom-free patient and 
shows the importance of an adequate decompressive procedure. 


Case 11. A 69-year-old female physiotherapist developed right-sided sciatica two years earlier. After 
eighteen months the pain was replaced by a sensation that she likened to a vibrating tuning fork. These 
paresthesie extended from the soles to the thighs during walking, relieved only partially by sitting but 
completely by lying down for three minutes. At times, standing for twenty seconds could provoke her 
symptoms. 

Examination showed a tender sacrum; movement of the right р was painful in all directions but 
unrestricted; spinal movements were normal and abnormal neurological signs absent. The exercise test 
revealed that her walking was restricted to twenty-five yards but with her trunk flexed she managed twice 
this distance before inducing claudication. 

Plain x-rays of the lumbar spine showed narrowed disc spaces at all levels with grossly degenerated 
apophyseal joints at L4/5 and L5/S1. A myelogram demonstrated lateral disc protrusions at L5/S1 and 
a smaller disc at L4/5. 

The lamine of L1 to L5 were removed, the lower three being grossly hypertrophied and associated 
with very thick ligamenta flava. 

Six months later she was able to walk for half a mile and began to rebuild her physiotherapy practice 
and one year after operation there was ‘no suspicion of vibration’. 

Three years later, however, her paresthesig recurred, more readily during walking than while standing. 
At repeat myelography the myodil column was biláterally indented and nerve roots appeared swollen 
at the L4/5 level. A second exploration showed the theca to be compressed laterally by the ligamentum 
flavum at L5; the laming of L4 and L5 were removed more extensively and the L5 pedicles excized to 
free the canal. Six months later she had made a good recovery but had fallen recently and lost her 
confidence. ‘ 

Her symptoms recurred for a third time and she was re-admitted to hospital sixteen months after her 
second operation. d 

At this stage the vibration sensation extended from the feet to the 'ankles after walking thirty to forty 
yards and even when sitting. Both ankle jerks were now absent but a third myelogram showed lumbar 
spondylosis without cauda equina compression. 


Comment. This patient exemplifies the effect of lumbar flexion in increasing the claudicating distance, 
presumably by enlarging the lumbar spinal canal, but she illustrates the more difficult problem of 
patients who have neurological claudication but no compression of the cauda equina roots, an entity 
that we have encountered several times but for which we have no explanation. 


Case 22. A 36-year-old garage owner developed right-sided sciatica, the pain radiating to the ankle 
after he had lifted a lorry wheel. Three months treatment resolved the pain which, however, recurred 
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periodically. He was advised against having an operation. Seventeen years later, aged 53, his right calf 
became wasted, the right leg weaker and the outer side of the right leg, sole and toes felt numb inter- 
mittently. After a further three years this numbness became continuous; walking one to two hundred 
yards provoked an additional numb sensation, beginning on the dorsal and plantar aspects of both feet 
and slowly ascending the lower limbs posteriorly to the buttocks, anteriorly to the groins and at times 
to the lower abdomen. 

At this stage he was admitted to The National Hospital, Maida Vale, where examination showed 
a normal lumbar lordosis and full spinal movements; straight leg raising induced painless tension at the 
back of the right thigh. The right calf measured 24 in less than the left; the right glutei, hamstrings, 
flexors and extensors of the right toes were weak. Cutaneous sensation was diminished on the outer 
border of the right foot, the outer two-thirds of the sole and the plantar surface of the toes. The knee 
jerks were increased, both ankle jerks absent and the plantar responses flexor. 

A walk of two hundred yards provoked numbness that began in the right leg and spread to the left. 
The sensory disturbance disappeared after sitting or lying for a few seconds and recurred after walking 
another one hundred yards. 

Denervation was evident on the electromyogram from the right gastrocnemius and soleus muscles. 
On plain x-rays there was anterior lipping at L2/3, L4/5 and L5/S1, and slight anterior displacement of 
L4 on L5. The myelogram revealed a block to the myodil column at the L2/3 disc space and a further 
block at the L4/5 level. A narrow spinal canal was noted. 
- At the first operation in 1964 the spines of L2, 3, 4 and 5 were excized. A narrow lumbar canal was 

found and extremely thick ligamenta flava removed. At L2/3 and L4/5 large buttresses of bone near the 
apophyseal joints limited the decompression. A very hard L4/5 disc, adherent to the dura, was removed 
and at the end of the operation the dura bulged backwards. 

Within the next three weeks he was walking more confidently for half a mile without precipitating the 
intermittent dysesthesiz. The persistent numbness was also lessening. Three months later he was back 
at work free from intermittent symptoms; only subjective numbness over L5/S1 and calf wasting 
remained. He described himself as ‘a very different person since my operation’. He continued working 
without change in his condition when followed up one, three, five and eight years post-operatively. 

At the age of 67 years, eleven years after his first operation, he complained of numbness in the right 
leg and buttock on walking two to three hundred yards, associated at times with numbness of the left 
foot. During the next twelve months the intermittent numbness radiated from both buttocks to the 
groins, perineum and genitalia, accompanied by some pain in the groin and his claudicating distance 
was lessening to one hundred yards before symptoms began. He was still working but in a sedentary post. 

Не was admitted again ın January 1977, when examination revealed wasting of the right calf of 3 in, 
fasciculation in right gluteus maximus and weakness of all ankle movements (Grade 4). Both knee jerks 
needed reinforcement to be elicited and the ankle jerks were absent. He had hypesthesie in the distribu- 
tion of L5 and S1 on the right; the anal reflexes seemed absent but the bulbocavernosus reflexes were 
present. Straight leg raising was reduced to 75 degrees on each side. 

Plain x-rays showed evidence of considerable regrowth of bone along the margins of the previous 
L2-5 laminectomy, degenerative changes at L2/3 and L4/5, and slight slipping anteriorly of L3 on L4 
and L4 on L5. At myelography multiple disc protrusions were found, particularly marked at L2/3, with 
stenosis at L3 and initial hold up of myodil at L4/5. 

At the second operation in February 1977, a solid mass of fibrous tissue was encountered in the mid- 
line incorporating scar tissue, ligamenta flava and thickened epidura. Hypertrophied joints approaching 
the midline were cleared from L2 to L5. The epidural space over S1 was also cleared. 


Comment. À lumbar disc at 36 years of age gave rise to intermittent claudication of the cauda equina 
seventeen years later. His spine was adequately decompressed three years later and was symptom-free 
for the next eleven years. Then, at the age of 67 years his symptoms recurred, which at operation were 
shown to be caused by excessive re-formation of fibrous tissue constricting the lumbar theca. Three 
months after the second operation his walking distance had increased to two miles. 
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We have not previously encountered or heard of a description of recurrence after 
a prolonged period of freedom, i.e. a previously adequate decompression. 


Cases Not Operated Upon 


As far as we know, no cases have been recorded where the diagnosis has been 
established by myelography but no operation was undertaken. We therefore 
summarize these two patients' histories which illustrate the duration of symptoms 
without progression. 


Case 5. A 64-year-old physician in general practice (Case 5 in our earlier series) gave a six-month 
history of dysesthesie of the lower limbs after walking fifty to one hundred yards. On examination 
straight leg raising was 90 degrees on each side but both ankle jerks were absent. Lumbar spondylosis 
was evident on plain x-rays and the flow of myodil was halted at L3/4 and L4/5. 

Twenty minutes slow walking along the street produced discomfort in the right buttock. After five 
minutes rest he walked another twenty minutes which provoked tingling on the dorsum of his feet. 
A further five minutes’ rest enabled another twenty minutes of walking with less discomfort than on the 
two previous occasions. 

An operation was therefore deferred, the patient coping with his restricted walking distance. He con- 
tinued in general practice till aged 68 years. He retired to write his autobiography which was later 
published. He then returned to work, although his wife stated that latterly he could barely walk round 
his home; yet he managed to conduct clinics by driving to and from work by car almost to the end of 
his life, dying of a stroke aged 74 years. 

Comment. It seems that this physician's cauda equina syndrome progressed gradually over a ten-year 
period but in sedentary clinical work and with the aid of the car he was able to cope within his restricted 
walking distance. 


Case 17. The second patient in this group, a 62-year-old credit manager experienced an attack of 
lumbar pain after gardening one year earlier. Six months later a cramping pain developed in the back 
of his thighs and calves after walking about one mile. After a further three months his pain also became 
apparent while lying in bed. Just before his admission to hospital his symptoms were improving. 

Examination revealed no spinal or neurological signs but at myelography, the contrast medium was 
obstructed at L3/4 due to a large disc protrusion in a relatively narrow canal. The exercise test showed 
that he could walk two thousand yards without pain or discomfort. The patient then decided that he 
would drive to his office by car and defer an operation. Follow-up at intervals to the present time, seven 
years after his hospital admission, show no deterioration; his walking and gardening activities remain 
restricted, lifting heavy objects can provoke back pain and he has periods when he has to sit up in 
bed at night to relieve his lumbago. 

_ Comment. In this patient there was no progression over a seven-year interval. With a private car and 
ш an executive capacity, the patient‘was coping within his physical limitations. 

In the absence of sphincter disturbance, it seems reasonable not to have operated on these two 

patients. 


FOLLOW-UP R 


Twenty-one of the 22 patients were traced up to the end of 1973. One patient 
returned to the Middle East after a laminectomy but repeated attempts to contact 
him have been unsuccessful. Details of 2 patients who had no operation and 
3 others who had two laminectomies, have been related, leaving 16 who had one 
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decompressive laminectomy. This last group was followed up for periods ranging 
from one to twenty years, the average being seven years. 


Totally Free of Claudicating Symptoms (11/16) 
Eleven patients returned:to work and remained free from symptoms for post- 
. operative periods of twenty*, sixteen*, sixteen*, thirteen*, eight, seven, five, four, 
three*, two and a half and two years. Those indicated with an asterisk died of 
unrelated disease (2 from cor pulmonale, one from congestive cardiac failure, one 
from cerebral hemorrhage and one from carcinomatosis). The patient with a five- 
year follow-up period retained numbness of a foot that he had before his operation 
but like the others in this group, he was completely free from pain or intermittent 
symptoms. . | 


Symptom-free for a Time then Further Lumbar Spinal Conditions (4/16) 
Details about these patients are summarized in Table 1. 


TABLE 1. RELAPSED CASES 


Years Symptom-free 


Case No. followed years Nature of complication 
19 11 9 Recurrence of paræsthesiæ that restrict his walking. 
Now aged 71 years. 
18 10 9 Recurrence of diffuse backache requiring physio- 
therapy but able to walk long distances. 
4 6 2 Sudden foot drop. Repeat myelogram negative. 
Hence ? thrombosis of vasovasorum to nerve root. 
9 4 4 ‘Something snapped in back’. Three and a half years 
| later pain on walking. 


Condition Unchanged 
One patient showed no post-operative improvement. 


DISCUSSION 


This prolonged follow-up study, which includes cases who did not have a 
decompressive laminectomy and those who required a second operation, indicates 
the merit of adequate surgery for this clinical entity. Surgical intervention is not 
urgent judging by the long interval between the onset of symptoms and the 
diagnosis being achieved, and by those cases not decompressed. Hence elderly 
patients seem to bein little danger of developing a complete cauda equina syndrome 
and may be able to continue sedentary work. 

All writers accept that a critical degree of cauda equina root compression must 
exist in order to produce this syndrome. But the pathogenesis is still disputed, as 
indicated by the variety of names suggested for the condition: (1) neurogenic 
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intermittent claudication; (2) intermittent ischemia of the cauda equina ; (3) inter- 
mittent claudication -of the lumbosacral roots; (4) neurological intermittent 
claudication of spinal or radicular origins; (5) intermittent claudication of neuro- 
genic origin; (6) Verbiest syndrome; (7) lumbar (spinal) canal stenosis. 

Opinions differ about (a) the factors that narrow the lumbar spinal canal, and 
(b) the mechanism of the intermittent symptoms. We propose to re-examine our 
original hypothesis that disc degeneration is the main factor narrowing the canal 
and that the ultimate mechanism of the dysesthesiz is vascular insufficiency of 
the cauda equina roots during activity. 


(a) Factors Compressing The Lumbar Theca 


1. The age distribution is comparable with that of cervical spondylosis rather 
than with a developmental anomaly such as syringomyelia (Brain and Wilkinson, 
1958). This fact argues in favour of a degenerative disorder. 


2. The remarkable male preponderance, 95 per cent in this and the world series, 
although unexplained, is not in keeping with an inherited predisposition and 
contrasts with the genetics of achondroplasia where development of spinal canal 
stenosis is inherited. We postulate that laminar hypertrophy is acquired secondarily 
to the greater male musculature. This bony hypertrophy constricts the spinal canal 
from an oval to a triangular shape (Epstein, Epstein and Lavine, 1962). Interestingly 
our only female patient was a muscular physiotherapist at the end of a lifetime of 
hard physical activity. | 


3. The lumbar roots are compressed posteriorly by the ligamenta flava. We 
believe that this is a secondary effect of disc degeneration. These ligaments cannot 
*hypertrophy' with age but accompanying disc degeneration anteriorly, the 
lamine become approximated, causing the ligaments to bulge forwards. Hence 
when the trunk is flexed the protuberant ligaments become flatter, widening the 
lumbar theca (Kendall, 1972) and enabling the patient to walk further (Case 11) 
or cycle without restriction (Cases 19 and 20). 


4. It is surprising that intermittent symptoms have not been described in 
achondroplasia where the spinal canal is congenitally narrow, although we have 
recently heard of one, case in a series of 4 cases of achondroplasia (Connolly, 
1975). One of these had cauda equina symptoms only on exercise, relieved by 
decompression. But 3 had persistent cauda equina syndromes, hencethe inadequacy 
of the term “spinal canal stenosis’. 

We therefore conclude that the cauda equina roots are compressed anteriorly 
by a protuberant degenerative disc or a number of discs, posteriorly against the 
vertebral lamine or bulging ‘ligamenta flava, and at times laterally between 
thickened pedicles. Hence the main pathogenetic factor is degenerative as in 
cervical spondylosis and the developmental size of the canal will play a secondary 
but important role. 
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(b) Mechanism of Intermittent Symptoms 


In addition to the critical degree of compression, the intermittent symptoms 
generated by activity are explicable only on a dynamic basis. Two explanations 
have been offered —mechanical and vascular. 

We postulate that there is a fundamental difference between intermittent 
claudication arising from the cauda equina and that from a single nerve root 
(Spanos and Andrew, 1966). In the latter instance the root is compressed extra- 
durally over a spur or disc and the symptoms arise from friction due to movement 
of the nerve root during walking. The result is pain and not dysesthesiz. In the 
case of the cauda equina there is no movement during walking or standing because 
the roots run a sinuous course in the lumbar theca. This accounts for the normal 
straight leg raising in our cases. 

We still favour a vascular mechanism to explain the march of parzsthesie up 
or down the lower limbs that occur while walking or standing, a theory with some 
experimental support (Blau and Rushworth, 1958). 

The vascular hypothesis is strengthened by Evans' observations (1964). He found 
that breathing 12 per cent oxygen reduced the claudicating distance whereas pure 
oxygen resulted in an unrestricted walking distance. Secondly, in a series of 
60 patients with spinal angiomata, 17 had symptoms simulating intermittent 
claudication during activity in the absence of spinal cord compression (Aminoff 
and Logue, 1974). 

We are, however, unable to account for the two diverse symptomatological 
patterns—the sensory march and sciatica. Further clinical observations and 
critical experiments such as hypoxia (Evans, 1964) may illuminate the problem. 
Experiments on animals with a cauda equina in the spinal canal could be con- 
tributory. 

In conclusion we accept that the term ‘neurogenic claudication’ includes inter- 
mittent symptoms arising during activity from the spinal cord, for example, in 
spinal angiomata, from the cauda equina, described here, and from single nerve 
roots (Spanos and Andrew, 1966). But for the cauda equina syndrome we prefer 
‘intermittent claudication of the cauda equina’ because such a descriptive term does 
not go beyond the known facts and provides least bias for future research. 


SUMMARY 


Twenty-two patients with intermittent claudication of the cauda equina have 
been followed up from one to twenty years. Two patients were not operated upon 
and their histories are described in detail. The remainder had decompressive 
laminectomies: 3 of these required further operations and their histories are also 
described. - 

The post-operative prognosis of this ТЕ РА was very good, total relief 
occurring in more than half the patients; the remainder were symptom-free for 
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a number of years when they developed either recurrence or other symptoms of 
lumbar disc disease. 

The still disputed pathogenesis is discussed, but we favour a vascular mechanism 
operating in a constricted spinal canal, the latter arising on a degenerative basis. 
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A CRITICAL APPRAISAL OF POSTERIOR 
FOSSA SURGERY FOR COMMUNICATING 
SYRINGOMYELIA 


by BERNARD WILLIAMS 


(From the Midland Centre for Neurosurgery and Neurology, Holly Lane, West Midlands B67 7JX) 


INTRODUCTION 


THE writings of W. James Gardner (1965, 1973) pointed out that in most cases of 
syringomyelia a communication exists from the floor of the fourth ventricle to the 
syrinx cavity. This communication most usually is the central canal, a cavity 
embryologically continuous with the ventricles of the brain. Gardner indicated 
that there was no meaningful difference between intracord cavities with an ependy- 
mal lining, sometimes called hydromyelia, and cavities which were mostly or 
partly lined with glial tissue for which the term syringomyelia has been reserved 
by some authors, Gardner also pointed out that there was commonly an abnor- 
mality at the foramen magnum causing some variety of obstruction and opined 
that blockage of the outlets of the fourth ventricle was important. Williams (1970a) 
has suggested that the blockage of the subarachnoid space at the foramen magnum 
is more important and that difference in pressure between the head and the spine 
is more likely to cause filling of the syrinx than funnelling of the 'arterial pulsa- 
tions within the CSF pathways which were incriminated by Gardner. These 
differences in ‘venous’ pressure are often transient and have been measured and 
described elsewhere (Williams 1970b, 19776), the term ‘craniospinal pressure dis- 
sociation’ has been used to describe this. The dissociation originates most com- 
monly from a valve-like action at the foramen magnum which causes a difference 
in pressure consequent upon the shifts of CSF caused by the imposition of energy 
from the venous system. The paradigm of such energy transfer is the cough 
impulse (Williams, 1976) which has an energy many times greater than that 
possessed by the pulsations transmitted to CSF by arterial pulsation within the head. 

Perhaps the most significant contribution of Gardner and the feature which has 
led to the widespread acceptance of his ideas, including unfortunately those which 
are implausible, has been his demonstration that surgical correction of the abnor- 
malities at the foramen magnum commonly produces a remarkable improvement 
in the clinical condition. Those who have seen such an improvement after operation 
may experience something close to a religious conversion. Those whose early 
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experience includes disastrous results may on the other hand be dissuaded from 
further surgery thus failing to produce improvement where it might be obtained. 
Published reports tend to optimism and include contributions from Newton (1969), 
Hankinson (1970; 1978), Logue (1971), Vallejo, Portera, Gutierrez del Olmo 
and Mata (1971), Krayenbühl (1974) and Mohr, Strang, Sambrook and Boddie 
(1977). Hankinson warned of the hazards of operation upon cases with marked 
arachnoiditis at the foramen magnum (Appleby, Bradley, Foster, Hankinson and 
Hudgson, 1969). The recent review of ten years' experience at the Mayo Clinic 
by Saez, Onofrio and Yanagihara (1976) is more cautionary. Their experience is 
of sixty cases with ‘Arnold-Chiari malformation’ rather than specifically syringo- 
myelia as a result of that condition. They note that the presence of syringomyelia 
constituted the worst prognostic feature for their group and stress the dangers 
of operating upon cases with arachnoiditis. Of their total of sixty cases almost 
one-fifth had progressive neurological deterioration at ten years and of patients 
presenting with central cord disturbance only one-third showed improvement. 
Banerji and Millar (1974) reported one death out of ten patients operated upon 
for syringomyelia and only three cases with improvement. Krayenbühl and 
Benini (1971) advocate valved ventriculo-atrial shunts as primary treatment for 
communicating syringomyelia despite the complication rates of such procedures 
and the difficulty of shunting normal sized ventricles or knowing whether such 
shunts are working. They do not say why they are not satisfied with Gardner's 
operation except to say that it ‘involves certain risks’ (Krayenbühl, 1974). Perhaps 
the greatest condemnation of posterior fossa operations, however, comes from the 
paucity of articles on the long-term results of such surgery. Gardner, Bell, Poolos, 
Dohn and Steinberg have published (1977) a description of a new operation for 
communicating syringomyelia, ‘terminal ventriculostomy’, without any statement 
of why they should wish to change from an operation for which optimistic claims 
were made by Gardner in 1965. Fashions change in surgery often without clear 
reasons but it would negate a great deal of the thought and energy which has been 
expended over the past twenty years if posterior fossa operations were to pass into 
desuetude without an analysis of their defects. It is also difficult to imagine that 
these operations should have no future if the indications were better understood 
and the complications more avoidable. For this understanding to be achieved 
further study into the mechanisms of the disease is necessary and also an appraisal 
of the dangers and difficulties of posterior fossa surgery as understood at present. 

The appended cases have been selected to illustrate the problems of surgery for 
this condition observed in a series of 41 cases having posterior fossa operations 
since 1970. Of these cases, 9 of whom had signs of central cord degeneration, 
15 showed unequivocal post-operative improvement for a significant time. The 
post-operative period is too short to justify exhaustive analysis but in addition to 
some operative mortality and morbidity, some of the cases initially regarded 
as successful have relapsed months or years after operation. In reviewing these 
10 cases some lessons may be learned. 
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PATIENTS 


Case 1 


Uncertain etiology, onset of lumbar syringomyelia aged 22 years. Later respiratory difficulties and 
restlessness. Tonsillar descent with mild arachnoid adhesion, found dead sixteen hours after operation. 

This man was born as the result of a normal labour and was well until the age of 19 years when he was 
kicked on the occiput. He said that he was never normal after that but was always ‘weak’. At the age 
of 22 years he had pain in the lower abdomen on the right side which persisted for many years. From 
the age of 26 years he was unable to tell temperature with this part of the abdomen or the right leg. 
He then suffered from restless nights, having occasional violent movements, particularly kicking; some- 
times he had claustrophobia and anxiety. Each night he slept prone with legs flexed at the knee and 
ankles and the knees not directly underneath him. The head would be turned from side to side and he 
frequently fell out of bed. He also flexed the knees and hips in other situations and would prefer to squat 
on a chair rather than sit. He was unable to explain this preference. He was impotent after the age of 
33 years and presented at age 37 years because his walking was worsening, he had difficulty in ‘getting 
the legs going' in the morning although he did not have numbness from stretching or compressing 
peripheral nerves. He did not think that he would be able to walk for much longer and pressed for 
operation. 

On examination he was slightly overweight, the head and neck were of normal dimensions. The 
thoracic spine was unusually straight with the shoulders almost hanging backwards. The gait was 
slouching and flat-footed with the head carried slightly forwards. The cranial nerves were normal and 
there was no nystagmus. The arms were normal including sensation and reflexes. The legs were hypotonic 
with absent knee and ankle jerks and inert plantar responses. There was an abnormal range of movement 
at the hips and knees. The power at the hips and knees was almost normal but there was pronounced 
weakness of both plantar and dorsiflexion at the ankles. There was weakness of the abdominal muscles 
on the right and the abdominal and cremasteric reflexes were absent on the right. 

There was an incomplete dissociated sensory loss on the right from T2 to S1 below which there was 
sacral sparing. There was depression of temperature sensation over the back of the head and neck and 
in the middle of the back, the sensory loss spreading over to the left side. He appeared to be dyspncic 
at rest on occasions, sometimes using the accessory muscles of respiration. He said that he sometimes 
felt anxiety over his breathing. He was never observed to have irregular respiration, even when deeply 
asleep and he was not dyspnaic on exertion. 

On investigation his tidal volume and vital capacity were normal. Air encephalography showed a tiny 
cisterna magna, tonsillar ectopia, failure of the ventricles to fill and a suspicion of a collapsing cord. 
Ventriculography with iophendylate (Myodil, Pantopaque) showed normal size of the lateral ventricles 
with a low fourth ventricle from which the contrast medium escaped via Magendie's foramen. 

There was concern over the apparent instability of his respiratory system but 1t was thought that after 
decompression of the medulla the respiratory difficulties would probably be lessened. 

At operation the tonsils were found to be descended and there was slight arachnoiditis. The left tonsil 
could be elevated and the foramen of Magendie was shown to be potentially patent. Part of that tonsil was 
sucked out from within its pia, it could then be elevated and its remaining outside membranes sutured 
to the dura, exposing the left posterior mferior cerebellar artery and leaving the foramen of Magendie 
widely open. The right tonsil was more adherent to the back of the medulla and there did not seem any 
necessity to evacuate it. It was sutured to the right side of the dura so that it would not move across 
the midline. The floor of the fourth ventricle had a funnel-shaped depression at the obex. An enlarged 
cisterna magna was left behind and the dura closed with a sheet of synthetic substitute. The patient was 
given mechanical ventilation during the procedure and at the end of the operation began to breathe 
immediately with a good tidal volume and a normal respiratory pattern. During the following night 
he was exceedingly restless and in pain because of his attempt to adopt his normal sleeping position. 
Despite frequent surveillance he was found dead at 5.00 hours the next morning. 
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Post-mortem examination showed no defect in the operation; there was a communicating syringo- 
myelia maximal in the lumbar region with the communication being present in the usual site. There was 
no syringobulbia and no abnormality was detected in the medulla apart from a very slight hump below 
the place where the tonsils had previously laid. The pons and higher brain structures were normal on 
external and histological examination. 


Case 2 


Difficult birth, kyphoscoliosis in childhood, syringobulbia at the age of 19 years. Hydrocephalus with 
a subarachnoid ‘pouch’ or cyst at the outlet of the midline foramen. Operative correction was followed 
by protracted debility, adhesions of the tonsils around the operation site, advance of syringobulbia and 
death after five months. 

An only child, born by forceps delivery after a difficult labour, developed kyphoscoliosis in childhood. 
As a youth he noticed that he was ‘rather numb’ on the left side of the body. At the age of 19 years 
he noticed that half of his tongue had atrophied and was fibrillating. After the age of 30 years he com- 
plained of aching in the right leg and difficulty with his bladder. In the year preceding admission his legs 
had been becoming stiff and heavy. 

On examination at the age of 49 years, he was an intelligent cheerful man able to do a full day's 
work. He had a large head, a short neck and marked kyphoscoliosis. There was a dissociated sensory 
loss over the left side of the face, left arm and upper chest which spread on to the right side to involve the 
shoulder and the outer part of the arm. There was wasting of the tongue, the left deltoid and the small 
muscles of the left hand but no deformity of the hands. The legs were spastic with minor posterior 
column loss. 
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Fic 1, Case 2. Outline of bone and ventriculogram to show the extent of the hydrocephalus and the presence 
of an extraventricular pouch which seemed to have been formed by walling off the outlets of the cisterna magna 
rather than being due to an imperforate midline foramen. 


Investigations confirmed a communicating syringomyelia plus a gross hydrocephalus with a saccular 
dilatation of the fourth ventricle replacing the cisterna magna. The only opening into this pouch was 
via the fourth ventricle, the bottom end of which was closed by a membrane below the foramen magnum 
(fig. 1). At exploration of the posterior fossa the patient was positioned prone so as not to collapse the 
ventricles. The pouch was outside the cerebellum and the opening into it from the fourth ventricle was 
about 1 cm wide with the cerebellum to either side. This suggested a patent foramen of Magendie with 
adhesions forming the pouch rather than a primarily imperforate Magendie. There was no tonsillar 
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descent but the area around was fibrotic with multiple adhesions and the posterior cerebellar arteries 
were bound down by thickened arachnoid. The bottom part of the pouch was attached to the back of 
the spinal cord about 1 cm below the normal position of the obex. This was carefully cut away from the 
back of the cord as well as the area laterally where it was adherent to both the cerebellum and the dura 
adjacent to the cerebellum. The removal of the bottom edge of the pouch allowed the CSF to escape 
freely into the spinal subarachnoid spaces. 

The cord contained a swelling which passed upwards into the medulla displacing the floor of the 
fourth ventricle backwards. Aspiration of the cord caused all the swelling to subside. Just above the obex 
in the midline there was a funnel-shaped opening running downwards. At the end of the procedure 
muscle was pushed into this opening with intent to block the communication and the wound was closed 
with a dural substitute. 

Initially he seemed well with no increased neurological deficit. He vomited and inhaled later, pro- 
ducing a generalized pneumonitis. He then began to complain of increased generalized weakness and 
during attempts at walking had hypotensive attacks, Repeated lumbar punctures and ventricular 
tappings were carried out in order to check that there was no raised pressure and also to clear post- 
operative blood and exudate from the CSF. One month after operation he suddenly deteriorated with 
inadequate respiration and dysphagia and required a tracheostomy. 

Intracranial pressure remained normal and re-operation on the posterior fossa was carried out five 
weeks after the first. The cerebellar tonsils were found to be jammed together and adherent to each other 
in the bony decompression, occluding the outlet of the fourth ventricle. The posterior fossa was closed 
and a ventriculo-atrial shunt made some improvement but he never regained adequate swallowing or 
proper use of his limbs. Respiration continued to be inadequate and he died five-and-a-half months 
after his initial operation, 


Case 3 

Uncertain etiology, syringomyelia and syringobulbia at the age of 22 years with progressive deteriora- 
tion until aged 37 years. Marked hydrocephalus with tonsillar ectopia. High pressure after operation 
treated by a ventriculo-atrial shunt. Lung abscesses led to death after one month. 

This man was born by normal delivery weighing 94 lbs. His head was thought to have been big in 
infancy. At the age of two years he fell downstairs and appeared to have ‘something wrong with his neck’ 
for a while. He was working as a coal miner at the age of 22 years when he began to suffer from weakness 
of the left arm, limping in the left leg and hoarseness. He noted that his grip would not relax easily 
on his tools. He was able to work on the coal face until aged 28 years but his disability continually 
progressed. 

On examination at aged 37 years he was a normally intelligent man, with a large skull, 244 inches 
in circumference. He had a normal spine, the left arm was slightly smaller than the nght, there was 
wasting of the scapular muscles on the left and early wasting on the right. The left forearm was spastic, 
and he could not straighten the fingers. The movements of the left elbow were good. The right arm was 
almost normal. Both legs were spastic and the muscles of the lower leg were wasted on the left. There 
was gross nystagmus, principally vertical, on looking to either side. His voice was hoarse and his cough 
was imperfect. The left forehead was hypossthetic, dissociated sensory loss extending over the whole 
of the left side of the head and the back of the neck, over the shoulder and upper part of the chest, but 
not affecting the lower arm, forearm and hand. There was dissociated sensory loss on the right side of 
the shoulder girdle with patchy sensory loss to pin prick and temperature sensation. There was diminu- 
tion of vibration sense in both legs. 

Tomography showed mild basilar invagination. Air encephalography showed hydrocephalus, a small 
cisterna magna and tonsils descended to the level of the arch of the atlas. The upper part of the cord 
had collapsed confirming a communicating syrinx. Pressure studies showed pressure dissociation between 
the head and the spine. Meglumine iocarmate (Dimer X) ventriculography confirmed hydrocephalus; 
the communication between the fourth ventricle and the syrinx was not outlined. 
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At operation the opening of the fourth ventricle was occluded over a considerable length and it was 
not possible to open this widely without sacrificing much of the cerebellar tissue. Both tonsils were 
evacuated and the membranes sutured upwards and outwards but without obtaining a wide opening 
into the foramen of Magendie. CSF could however be seen to be escaping freely. It was thought unwise 
to run the risk of an increased disability from cerebellar distortion by further attempts to open the 
foramen of Magendie and it was determined to use a ventriculo-atrial shunt if he showed post-operative 
hydrocephalus. The posterior fossa was therefore closed leaving the dura widely open. Immediately 
after operation the patient was very well but within two days he became sleepy. There was no increase 
in his neurological deficit. Pressure recordings of CSF were high. 

Placement of a right-sided ventriculo-atrial shunt was carried out four days after the first operation. 
After this he became pyrexial and began to cough quantities of black sputum. Coughing was difficult 
because of the tenth nerve palsy and caused him distress. He was suddenly taken ill a week after the 
shunt with a choking attack due to a release of pus which had been loculated. Tracheostomy produced 
improvement for a while but then the trachea became infected with Hemophilus followed later by 
Pseudomonas. The chest x-rays showed patchy opacities of the lungs which were partly removed by 
physiotherapy, but recurred in other parts. The sputum became very liquid and antibiotic treatment did 
not control the organisms. There was an episode of paralytic ileus lasting for several days. He was at this 
stage showing further neurological deficit, with increasing weakness of the right arm and loss of the 
ability to swallow. He became very disheartened and progressively weaker. He became suddenly 
cyanosed and sweaty one month after the initial operation and died shortly afterwards. Post-mortem 
examination did not disclose any defect of the operative procedures, there was no hematoma or wound 
sepsis. The abdomen, bladder and cardiovascular system were normal. The lungs showed anthracosis 
and severe bronchopneumonia with abscess formation and purulent pleurisy. 


Case 4 

Birth injury, back mildly deformed in childhood ; syringomyelia symptoms, aged 37 years, progressing 
until aged 45 years. Minimal hydrocephalus, wide communication from fourth ventricle to syrinx, 
arachnoiditis. Slight improvement post-operatively followed by high pressure hydrocephalus eight 
months afterwards and treatment with a ventriculo-atrial shunt. 

This lady was born as the first child of a mother less than 5 feet tall, all of whose labours were difficult 
and one of which was fatal for the child. The labour was protracted and the birth weight was low. 
Forceps were used and the head was marked. There was feeding difficulty 1n infancy. Her growth was 
stunted and her back became rounded. She remained otherwise well until she was 37 years old when she 
began to notice sensation 'like a coldness' in the left arm and progressive weakness around the shoulder. 
By the age of 41 years she could not lift the left arm above the head and it was almost useless to her. 
She became very dependent on the right arm which began to be similarly affected at the age of 43 years. 
The illness went on to stiffness of both legs and pain in the neck and back of the head. This pain used to 
come on if she was worried and was not precipitated by exertion or coughing. She was able to work 
full time as a wages clerk until she was 44 years old when she had a severe influenza-like illness. She 
had rigors and suffered a fallin the home, she was mentally obfuscated for a while and her neurological 
state worsened. She seemed to deteriorate further after myelography with the onset of backache, a 
pricking in the left leg and paresthesie of the left foot and the C6/7 distribution of the right arm. 

On examination at the age of 45 years she was mentally normal. She had a short neck, a low hairline 
and was 4 ft 10 in tall (149 cm) with a hump at the top of the thoracic spine, slightly convex to the right. 
The thoracic and lumbar spines were unusually straight below that level. The cranial nerves were normal 
apart from a mild right nerve deafness; there was no nystagmus. The limbs were of equal length. Both 
arms were held by the side and could not be raised actively although passively there was a full range 
of movement. There were contractures of the fingers on both sides, the legs were rather stiff and slightly 
weak although she could walk reasonably well if someone could get her out of her chair or bed. She 
described herself as being ‘like a wooden doll’. There was wasting of the biceps, deltoids, supraspinatus 
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and infraspinatus muscles on both sides and pectoral muscles on the left. There was fasiculation in the 
left deltoid and hand. There was enough flexion at the right elbow to allow her to feed herself if she could 
get the elbow on the table, and she could write. All limbs were spastic, tendon jerks were absent from 
the arms and exaggerated in the legs with upgoing plantar responses. 

Sensory testing showed a loss of ability to discriminate between moderate differences in temperature 
over all the body with the exception of around the mouth and patches on the left leg. The densest loss 
was over dermatomes C4 to T6 where pain sense was absent and even gross differences ın temperature 
could not be distinguished. 

On investigation, x-rays showed a left neuropathic shoulder joint. Air encephalography showed 
a collapsing cord with fibrous adhesions around prolapsed tonsils. The cisterna magna was obliterated 
and air failed to enter the ventricles. The anterior cisterns were normal and the subarachnoid space 
slightly widened. Meglumine iocarmate (Dimer X) ventriculography showed slightly enlarged lateral 
ventricles with descent of the enlarged fourth and entry of the contrast medium into the syrinx. There 
was à small blind cavity projecting downwards from the back of the fourth ventricle (fig. 2). Combined 
intracranial and intraspinal pressure studies showed slight craniospinal dissociation. 
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Fic. 2, Case 4. The left hand figure shows the pre-operative mtuation at ventriculography with enlargement 
of the fourth ventricle only and free passage of contrast medium into the syrinx accompanied by an irregular 
blockage of the midline foramen. The right hand figure shows the ventriculogram findings eight months after 
the first operation. 


At operation there was no cisterna magna, there was a moderately increased adhesion formation 
between the dura and the lower part of the cerebellum which at the level of the foramen magnum because 
& dense band of adhesion binding the tonsils to the overlying arachnoid right across the back of the 
medulla so that no CSF could pass from the head to the spine posteriorly. There was fibrous tissue which 
was extending downwards from the left side and completely occluded the subarachnoid space for some 
centimetres below the foramen magnum. 

There was no possibility of lifting the tonsils but since the fourth ventricle was large and close to the 
surface an opening was made through the vermis about one centimetre above the obex. The opening into 
the syrinx was blocked by a piece of muscle and the fourth ventricle was held open by stitching the choroid 
plexus to the dura outside. The space thus created behind the fourth ventricle had an unsatisfactory 
route for CSF to follow back to the remaining subarachnoid space; it had to flow along the right side 
of the spinal cord and then up to the basal cisterns anteriorly. Because there was only moderate ventricular 
dilatation it seemed probable that the foramina of Luschka were patent. The recreated cisterna magna 
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was closed with artificial dura to minimize further adhesion formation. Three millilitres of iophendylate 
were injected into the syrinx. 

Post-operatively she vomited each morning and there was some nystagmus on gaze to the left but 
otherwise she gained mobility quite well. The left arm was less stiff than pre-operatively and temperature 
sensation was subjectively improved all over the body; all her pain had gone including the headache and 
backache which she found to be the most pleasing feature. 

Two months after operation her right arm seemed to be worse than pre-operatively. There was some 
return.of backache and headache and the deafness seemed to be worse, particularly on the left side. She 
also complained of a continuous unpleasant taste in her mouth and tended to faint after straining at 
stool. The fasiculation had stopped in her muscles and the 1mprovement in sensation to both pin prick 
and temperature remained, The nystagmus and vomiting had resolved completely and she was cheerful 
and surprisingly independent. 

Eight months after operation she suddenly deteriorated, becoming restless, paranoid and aggressive, 
unable to walk or feed herself, and with acute retention of urine. 

On examination she had bilateral papilledema, gross spasticity of the legs with bilateral ankle clonus. 
The arms were as before. Re-screen myelography showed no evidence of arachnoiditis around the 
thoracic or lumbar spine. The intra-syrinx myodil was unchanged, being down as far as T12 and 
immobile. Intracranial pressure was raised and ventriculography showed a hydrocephalus with delay 
in emptying of the fourth ventricle (fig. 2). A ventriculo-atrial shunt was carried out with immediate 
improvement. After two weeks she could feed herself again, had regained bladder control and was able 
to stand. Her mental state was quite normal but there was total amnesia for the preceding three or four 
weeks. She continued to improve and three years after operation she was able to walk about four 
hundred yards and to write and feed herself as she was before the operation. She retained improved 
sensation compared with the pre-operative condition, muscle fasiculation had stopped and headaches 
and vomiting had resolved. The deafness was improved to approximately the pre-operative state. There 
was still some backache and her overall disability was about the same as before operation. 


Case 5 


Birth injury, asymmetry of the head and neck, kyphoscoliosis, syringomyelic symptoms aged 21 years, 
progressive disability with head pain until aged 27 years. No hydrocephalus, cerebellar ectopia —fair 
result after operation for six months when she had high pressure hydrocephalus treated by a ventriculo- 
atrial shunt. 

This woman was the fourth child of a mother who was in labour for four days, the final stage of the 
birth being very rapid. All her life she had facial asymmetry with drooping of the right eyelid. She grew 
stoop-shouldered and from the age of 21 years she noted stiffness and then progressive clawing of the 
fingers on the right. At the age of 25 years the left hand was similarly affected and the right band sustained 
painless burns. When aged 27 years she had symptoms in the legs with sudden attacks of ‘giving way’ 
and occasional 'giddiness' as she stopped or moved her head quickly. She also had pain in the left side 
of the face which radiated into the left shoulder and sometimes across the shoulder girdle to the right 
side. This was aggravated by sneezing and she also noted that when she yawned the fingers of both 
hands would forcibly contract and could not be straightened. 

On examination she was an anxious slender woman who carried her head tilted backwards and to the 
right side. The cranial nerves were normal and there was no nystagmus. There was a thoracic kypho- 
scoliosis concave to the left. There was wasting of the right hand which rested with the fingers flexed, 
the metacarpophalangeal joints over-extended and the wrist flexed. She could not actively straighten 
the fingers but there was no rigidity or contracture formation. There was fasiculation in the right 
scapular muscles and slight wasting and weakness of the left hand and forearm. She had marked 
depression of temperature and pin prick sensitivity of both arms extending on to the chest wall and 
. up into the neck, the loss was complete to pin prick only along the ulnar borders of the forearms and 
bands. There was a patchy loss of pin prick sensitivity over the right thigh dermatomes L1/L3. Joint 
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position sense and vibration sense were slightly impaired in the arms and normal in the legs. Tendon 
jerks were absent from the triceps and those of brachioradialis were depressed. The biceps jerks were 
present and the tendon jerks at knees and ankles were normal. Abdominal reflexes were depressed but 
the gluteal and anal reflexes were preserved and the plantar responses flexor. 

Combined intracranial and intraspinal pressure recordings showed craniospinal pressure dissociation. 
X-ray pictures of skull and spine were non-contributory but iophendylate myelography showed a 
swollen cord and tonsils down as far as the arch of C2. Air myelogram confirmed that the cord collapsed 
and air did not enter the ventricles. Dimer X ventriculography showed no hydrocephalus, the fourth 
ventricle was low in position and the contrast medium left it via the foraminz of Luschka without delay. 

At operation the atlas was found to be twisted about 30 degrees from the sagittal plane. This could 
be corrected by pushing the right lateral mass forward but it persisted in dropping back despite the 
correct alignment of the head and the atlas in the sagittal plane. The occiput was very flat and thin 
but there was no shelf of dura and no arachnoiditis. There was a large right tonsil pressed closely against 
a smaller left tonsil, the two of them forming a smooth tongue of tissue which moulded the back of 
the medulla. 

-The right tonsil could be lifted up easily without disturbing the inferior cerebellar artery or the 
medulla. The right tonsil was incised and partly evacuated with suction, then stitched back to the dura. 
The left tonsil was small and was left alone. The midline foramen was thus held open. A hypodermic 
needle was passed through the back of the medulla starting about 1 cm below the obex and was pushed 
out through the communication (fig. 3). A polyamide 6 suture was pushed through the needle, the needle 
withdrawn and the upper end of the suture material passed through a small piece of muscle followed by 
a radio-opaque silastic ball. A silver clip was placed on top of this and the thread pulled down to hold 
the muscle firmly in the communication. A silver clip was used to hold the bottom end of the thread 
against the medulla (fig. 3). As this was snugged down there was temporary bradycardia and hypotension. 


FiG. 3. Method of ‘secure blockage’ of the communication used in Cases 5, 6 and 9. 


Post-operatively the cutaneous sensory abnormalities regressed and were replaced by a slight degree 
of hyperesthesia and paresthesia all over the body. The right hand was more fluent and mobile. Sneezing 
and yawning produced no ill-effects. On discharge she had very little sensory deficit. Slight deterioration 
was shown by the left plantar reflex which had: become equivocal and the left hand which showed an 
increased number of errors on testing joint movement sense. 

About one month after discharge the occipital headache once more became troublesome and she 
suffered occasional vomiting. This worsened and five months after operation she had frequent vomiting 
accompanied by attacks of dizziness and weakness with occasional unsteadiness of gait. Six months 
after operation she was acutely ill with headache all over the head and severe vomiting. 
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On examination she was cachectic and dehydrated; the occipital decompression was tight. She was 
drowsy, unco-operative and denied illness. 

Her sensory state was better than before operation but not so good as on discharge. Sbe could tell 
pin prick in all areas, there was some hyperesthesia under the right breast. Temperature discrimination 
was not good in either hand but remained better than before operation. The tendon jerks had returned 
to thearms and were brisk, the leg jerks were exaggerated and the legs slightly spastic although the plantar 
responses were flexor. She was very ataxic and could not walk unaided. 

Air encephalography showed air in the artificial cisterna magna but no ventricular filling. The tonsils 
were low and the pattern of the cerebellar folia which had previously been visible was obliterated. The 
anterior cisterns were smaller than on the previous air study. The diagnosis of hydrocephalus due to 
re-occlusion of the outlets of the fourth ventricle was confirmed by ventriculography. 

A ventriculo-atrial shunt with a Holter low-pressure valve produced immediate improvement. Her 
vomiting and drowsiness stopped but she became even more aggressive, making 1mperious demands of 
her relatives and the nursing staff. Apparently to impress them she tore off all the nails of her right hand 
with her teeth. Her mental abnormalities gradually resolved and she left hospital in much the same 
condition as she had first been discharged eight months previously. Her neurological and mental state 
remained unchanged for two years subsequently but she then developed pain under the right costal 
margin. Investigations for cholecystitis were negative. Three years after operation her abdominal 
reflexes have gone as has the right gluteal reflex, and the cutaneous dissociated sensory loss has spread 
over most of the trunk. 


Case 6 

Birth injury; sensory symptoms aged 23 years gradually progressing until the age of 33 years. Neck 
pain, palatal and pharyngeal analgesia. Low fourth ventricle, cerebellar ectopia. Excellent result after 
operation with almost complete regression of sensory loss. Gradual recurrence of symptoms including 
early motor signs, not improved by re-operation and blocking of communication. 

This girl was born as the first child of a mother who was small and was in labour for four days. Forceps 
were used and the birth weight was 14 Ibs. 

She was well until the age of 23 years when she noted that she burned her left hand without feeling 
pain. She was noted to have nystagmus on left lateral gaze, hyporeflexia of the left arm and dissociated 
sensory loss. 

At the age of 33 years she had severe localized pain behind the left mastoid process. This pain was not 
precipitated by any known factors, she would bend the head to the left and press it with her hand but 
this gave only slight relief. She had some difficulty in swallowing food and needed to drink with her meals. 

On examination she weighed 17 stone (108 kg), she had scars of burn on the left arm and freckles of 
the face which crossed the mucous membrane producing some patches of black pigment inside the lips. 
There was no external abnormality of the skull or spine. The cranial nerves showed sensory loss in 
the trigeminal distribution on the left with small patches of sparing round the lips and preservation 
of the corneal response. There was also апезіћезіа of the palate and posterior pharyngeal wall on both 
sides. The sensory loss extended from the trigeminal distribution on the left down to T8 with dense 
loss to pin prick and temperature. Hypozsthesia extended to the right side in the mid-cervical derma- 
tomes and it seems probable that the right arm had diminished temperature sensibility. There was some 
hypoalgesia in the L4/5 distribution on the left. There was a patch of numbness on the left thigh associated 
with paræsthesiæ which was thought to be due to meralgia paresthetica. There were no posterior 
column signs. The left biceps, triceps, brachioradialis tendon and all abdominal reflexes were absent. 
The left arm had normal tone and normal power to testing but seemed to tire more easily than the right. 
Tone, reflexes and power were normal elsewhere. 

Investigations showed a low intracranial pressure. The cord was of normal size, the cisterna magna 
was small and the tonsils were herniated. The ventricles did not fill with a spinal air study, iophendylate 
ventriculography showed no hydrocephalus, the fourth ventricle was low and flattened from behind 
downwards. 
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At operation the arch of the atlas was very close to the occiput. The rim of the foramen magnum was 
thick and upturned. The external appearances of the cord were normal, the cerebellar ectopia was 
accompanied by a little arachnoid thickening. The medulla and upper cord were rotated, the left-sided 
structures being further backwards than those on the mght and the cerebellar vermis was moved over 
to the right. The left tonsil was more prolapsed than the right, both could be elevated easily and then it 
was seen that the fourth ventricle was low and deviated to the right. The inside of both tonsils was 
evacuated by suction and the remains sutured upwards to the dura. The foramen of Magendie, which 
had no membrane across it initially, was thus held widely open with the choroid plexus visible in its roof. 

After operation there was remarkable improvement. Sensation was observably improved the day 
after operation and at the time of discharge from hospital she had recovered pm prick sensation over 
all parts of the body except for some patches on the face. She could tell change in temperature over most 
of the previously affected area but still made some errors. The sensation returned to the palate and 
posterior pharynx, she retched when she cleaned her teeth. She thought that this was because she had 
developed the habit of banging the back of her throat with the toothbrush when it was anesthetic. The 
pain in the neck was slightly improved and swallowing seemed to be somewhat better. 

One year after operation she had an area of dense sensory loss over the left shoulder and the left 
side of the neck. The sensation outside this area was apparently normal with temperature being dis- 
criminable to a high degree. The abnormal area on the thigh which had been thought to be due to 
meralgia paresthesica had disappeared. The left arm became less tired after exertion and the biceps 
jerk had returned. The only feature which had not been markedly improved by operation was the pain 
on the left side of the occiput which had recurred and was exactly the same as before operation. 

The patient suffered an assault with attempted strangulation some months later, fingers being pressed 
violently into the occipital decompression. She felt very unwell after this with exacerbation of headache, 
occasional vomiting, unsteadiness of gait on occasions and transient diplopia. The difficulty in swallow- 
ing returned and about one year later she began to notice twitching in the intrinsic muscles of the left 
hand. The sensory disturbance began to advance again but not in the same pattern as before. It was 
notably more symmetrical and the palate and pharynx were not involved. She suffered widespread 
paresthesie and sometimes the legs and feet felt hot. 

On examination three years after the first operation she was clearly worse than two years earlier; the 
legs were slightly stiff with indeterminate plantar responses and re-investigation was initiated. 

Air studies showed a large artificial cisterna magna with filling of the ventricles, there was no hydro- 
cephalus. The cord was normal in size but was slightly kinked backwards at the Cl/foramen magnum 

.level. Simultaneously pressure recordings were carried out from the ventricles and a lumbar puncture; 
pressures were low and equalized normally after exertion —that is, no craniospinal pressure dissociation 
was seen. Thermography showed both legs to be warm, the area around the left big toe being hotter 
than that on the right. 

Re-exploration was decided upon with the intention of injecting myodil into the syrinx. At operation 
there were adhesions between the tonsils at the site of the suturing at the edges of the dura. This caused 
the fourth ventricle to be both widely opened and held up so that there was no possibility of the cerebellar 
tissues slumping into the decompression. There was some adhesion formation between the lateral parts 
of the medulla and the lateral portions of the spinal canal. This was particularly marked on the left and 
it looked as though contraction of these adhesions was spreading out the medulla and upper cord at 
about the level of C1 nerve roots and binding it backwards so that it seemed slightly angulated These 
adhesions carried a number of blood vessels and were not interfered with. The cord was otherwise 
normal and no CSF could be aspirated from the syrinx. 

The communication was blocked using a polyamide suture inserted as in Case 5 (fig. 3) to hold 
a piece of muscle in place. 

Post-operative x-ray confirmed the correct location of the clips and she was able to return to her 
normal work. She noticed no benefit from this second operation. 

Two years later her condition had progressed with loss of pin prick sensation almost as far as the 
lips on both sides and progression down the legs to the feet. There was some wasting of the scapular 
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muscles of both sides and fasiculations were present in the small muscles of both hands. There was 
almost no disability associated with these findings, her major problems being the continuing pain on 
the left side of the neck and difficulty in temperature discrimination. 


Case 7 

Multiple deformities in childhood of unknown etiology, presumed intrauterine. First syringomyelic 
symptoms at; the age of 32 years, progressive deterioration until aged 36 years. Tonsils descended, 
foramen of Magendie patent, no hydrocephalus or arachnoiditis. Excellent post-operative result, relapse 
at the age of 38 years with progression of syringomyelic signs and symptoms both motor and sensory. 
No alleviation after re-operation and blocking of communication. 

This man was the youngest of two brothers, born normally into a family with no neurological dis- 
orders. The little and ring fingers of both hands were slightly flexed and he had deformed feet at birth. 
As he grew the abnormalities increased and the left leg and foot became smaller than the right. 

He noticed no additional disabilities until aged 32 years when anzsthesia for pain and temperature 
affected the left hand. The right hand suffered in the same way shortly afterwards. The left hand became 
markedly weak and stiff the following year. At the age of 34 years he suffered thoraco-lumbar backache. 
Next year he noticed loss of power in the right hand and also pain in the right occipital region; this was 
localized behind the mastoid process; he could not identify any causative factors. Also at the same age 
he had uncertainty of balance and weakness of both legs. 

On examination at the age of 36 years he was a cheerful intelligent man with a short neck and a mild 
kyphoscoliosis, convex to the left. There was a left-sided Horner’s syndrome and a coarse nystagmus 
with a marked rotatory component, the fast element being clockwise. This was exaggerated by leftward 
and upward gaze. The left grip was strong but the arm was inco-ordinate and spastic; while asleep he 
, drove his finger nails into the palms. The left forearm and infrascapular muscles were wasted. The 
proximal left leg was weak and there was no movement below the knee. Tendon reflexes were absent 
in the arms and increased at the knees with an extensor plantar on the right; no response in the left. 
Sensory testing showed impairment to pin prick over both hands and the neck region from C2 to C4 
on both sides. Patchy loss of pin prick sensibility was present over the upper arms and forearms. The 
ulnar borders of both forearms and hands were completely insensitive. The dermatomes from T2 to T4 
were insensitive to temperature. There was a large painless burn scar on the left forearm. 

X-ray showed a normal skull and lumbo-sacral spine and a widened cervical spinal canal. On air 
encephalography the cerebellar tonsils were prolapsed, the cisterna magna was absent, there was good 
filling of normal-sized ventricles and a collapsing syrinx. Iophendylate ventriculography showed a low 
fourth ventricle with delayed passage out of the foramen of Magendie. No iophendylate entered the 
syrinx. Lumbar screening showed no abnormality to explain the longstanding abnormalities of the foot. 

At operation the foramen of Magendie was widely open but it was above the band of constriction 
visible across the back of his prolapsed tonsils. There was no arachnoiditis and the tonsils were evacuated 
and sutured back to the dura without difficulty. The communication was visible in the floor of the fourth 
ventricle and its patency was confirmed using sodium fluoresceine but ıt was not surgically blocked. 
Iophendylate 1-5 ml was injected into the syrinx. 

Post-operatively there was some meningism which was eased by lumbar puncture and aspiration of 
iophendylate. The intra-syrinx contrast medium descended as far as the conus medullaris and filled 
two cavities at this level. He rapidly regained full mobility and the left hand became less spastic. The pain 
in the occipital region was cured. The dissociated sensory loss was diminished around the neck but his 
gait and overall disability were about the same as before operation. 

Seventeen months after operation he had a sudden deterioration in the right arm which was not 
related to a strain. He noticed that both arms ached after exertion. The gait had grown worse with an 
increased tendency for the left leg to be ‘thrown out’ as he walked. There was no recurrence of headache. 

On examination he had fasiculation in the left biceps and triceps, the left quadriceps, and in both 
hands and fingers rather more on the left. The right arm was markedly weaker than before operation. 
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The nystagmus, Horner's syndrome and reflexes were unchanged. The dissociated sensory loss was 
confined to the arms and was perhaps more intense than before operation. 

Combined cranial and lumbar pressure studies showed a low pressure with no dissociation. Ventriculo- 
graphy and pressure encephalography showed a free connection between the fourth ventricle and an 
artificial cisterna magna, the cord collapsed. 

Re-operation confirmed that the midline foramen was widely open, the cerebellum was held up by 
sutures and fibrosis around the tonsils. Muscle was pushed-into the communication but not stitched. 

Post-operatively he was quickly mobile and thought that the left hand and arm were improved. This 
might well have been a placebo effect and he seemed unchanged at subsequent review. 

Four years later he remained unchanged, he could get to work in a modified car and could walk about 
half a mile. He could do a desk job involving writing but could not tie his shoelaces, comb his hair or 
manage buttons. 


Case 8 


Syringomyelic syndrome of unknown etiology, started aged 49 years with pain; syringobulbia 
symptoms aged 52 years, rapid progression until the age of 53 years. Tonsillar descent, no hydrocephalus. 
Poor post-operative course with tremor, ataxia and postural hypotension. Continued to progress after 
operation. 

Born normally as the second child of his mother and with no serious illnesses or injuries, this man was 
well until the age of 49 years. He then had bouts of pain which started near the midline of the neck 
and radiated to the left along the shoulder and arm to the fingers. The pain was worse after exertion. 
Shortly after this the ulnar two fingers of the left hand were noted to be numb, there were paresthesia 
of the whole limb and the arm became slightly weak. He was disinclined to use the left arm because of 
pain which became concentrated in the shoulder. At the age of 51 years his voice, which had been hoarse 
for many years, became worse. At aged 53 years he had stiffness and weakness of both legs and loss of 
pain and temperature sensibility in the left arm with continuing pain. 

On examination he was a normally intelligent man with a normal head and spine. There was a swollen 
left shoulder joint with limitation of movement and neuropathic changes. Both corneal responses were 
sluggish, left more affected than the right. There was nystagmus on leftward gaze. The palate deviated 
to the right, the tongue was fasiculating all over, the voice was hoarse and the cough was rasping and 
weak, the right vocal cord was paralysed. Sensation was normal over the palate and posterior pharynx. 
There was a dissociated sensory loss affecting the dermatomes from C2 to T10 on the left and C2 to 
C4 on the right. There was some posterior column loss involving the left arm. 

There was wasting of the left triceps and scapular muscles. Extension of the wrist and fingers on the 
left was minimally impaired. Both legs were slightly spastic with full power. His gait was almost normal 
but he could not hop easily. The left biceps and brachioradialis tendon jerks were absent, the left triceps 
were depressed and the Hoffman’s reflex was positive on the right. The tendon jerks were very brisk in 
the legs but only the left plantar was extensor. The abdominal reflexes and the right cremasteric reflexes 
were absent, as were the gluteal and anal reflexes. 

Investigation showed a low fourth ventricle which filled on air encephalography, tonsillar herniation 
and slight basilar invagination. There was a collapsing cord. 

At operation there was a tight tonsillar herniation and a ridge of dura which was grooving the tonsils 
opposite a slightly upturned posterior rim to the foramen magnum. The tonsils were raised, partly 
evacuated and then sutured up to the edge of the dura, the foramen of Magendie was patent with choroid 
plexus visible in its upper part. The syrinx was injected with 3 ml of iophendylate. The communication 
from the obex was large and was blocked with a piece of dura which was pushed down the communica- 
tion but not sutured. 

Post-operatively the patient was peculiarly unwell with extreme hoarseness of the voice and inspiratory 
stridor. There was some dysphagia and dysarthria and a right-sided twelfth nerve weakness. He had 
a flapping tremor of the outstretched hands and pronounced stiffness. Repeated lumbar punctures were 
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done to ease the meningism but six days after operation he was restless and confused with dyspraxia. 
Attempts were made to mobilize him twelve days after operation but he collapsed and became cyanosed. 
Chest radiographs showed the right diaphragm to be raised. The right calf was painful and tender 
although there was no swelling. Pulmonary embolism was considered and anticoagulants were given. 
After a further ten days further attempts to mobilize the patient were followed by loss of consciousness; 
readings of blood pressure were around 60/45. Leg bandages were used but it was five weeks after 
operation before he was fully ambulant. 

He went back to work four months later with no improvement following his operation except that 
the area of dissociated sensory loss was less. 

One year later he was complaining of increasing spasticity in both legs and tingling and numbness 
of the feet. He had developed an acute swelling of the left elbow due to a neuropathic joint. The pain in 
the left shoulder was no better and in addition to that he had headaches in the back of the head which 
were sometimes brought on by lying down but not relieved by anything. Coughing and sneezing made 
his head spin but produced no other symptoms. He could not hop on the left foot and was unsteady 
hopping on the right. Both plantar responses were now extensor. The right side of the tongue was very 
wasted, hoarseness and other lower cranial nerve functions were as before operation. Three years after 
operation he developed wasting and weakness of intrinsic hand muscles, left more affected than right. 
He thought that his walking had deteriorated and he had lost weight although he was still able to do 
8 full time job. 


Case 9 

Probably birth injury, kyphoscoliosis, onset at aged 42 years of relentlessly progressive syringomyelia 
with episodic features, significantly improved by operation, particularly the spasticity but continuing 
to deteriorate afterwards. 

This man was the son of a short-statured father; his mother was normal and there was no family 
history of neurological disease. The second child of his mother, he was born after a difficult labour. 
He was said to have an ‘abscess’ on the head, to have been very small and was ‘expected to die’. He 
developed normally apart from kyphoscoliosis. He had mild cceliac disease subject to long remissions. 
At the age of 42 years he lifted a weight and carried it for a short distance and then felt a sudden painful 
sensation in the left axilla ‘like a tearing of the shirt under the armpit’. The arm was sore for a day 
or two and then became weak. His neurological state deteriorated thereafter. Two years after the onset 
the left hand was weak. At aged 48 years he coughed vigorously and developed a sudden pain in the 
left side of the neck spreading up into the head. This symptom recurred, particularly with coughing, 
over a period of two years and then subsided. At this stage all his arm jerks were present and his plantar 
responses were flexor. There was fasiculation in the left arm. At aged 52 years he began to notice that 
the right arm was deteriorating slightly and six months later he sought surgical assistance. He was still 
able to do clerical work full time. 

On examination he was an intelligent man, 5 ft (152 cm) tall, slightly overweight. The head and cervical 
spine were undeformed but the neck movements were limited in all directions. There was a thoracic 
kyphoscoliosis concave to the left. The left arm was shorter than the right with wasting of the scapular, 
arm and forearm muscles. The left arm was spastic, the hand driving the nails into the palm. There 
was fasiculation in the left triceps, biceps, forearm muscles and thenar emminence. Florid fasiculation 
was present in the abdomen. The motor function of the right arm was normal to examination. Both legs 
were mildly spastic. 

Tendon reflexes were depressed in the arms, Hoffman’s reflex was present in the right hand. Tendon 
reflexes in the legs were over reactive; the abdominal, cremasteric reflexes and gluteal reflexes were 
absent. Anal reflexes were present on both sides with bilateral extensor plantars. The gait was slightly 
broad-based but secure. 

Sensory testing showed a dissociated sensory loss almost complete to pin prick and temperature over 
both arms, it faded into normality over the upper chest but was most dense over the left shoulder and 
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extended up on the left side of the neck and behind the ear in the area in which he had previously suffered 
pain on coughing. 

lophendylate myelography confirmed an enlarged cord and tonsillar ectopia. Air myelography 
showed air entering a low fourth ventricle, slight ventricular distension, an indentation across the back 
of the cisterna magna, level with the foramen magnum, tonsillar ectopia and a collapsing cord. 

Meglumine iocarmate ventriculography confirmed a patent foramen of Magendie and filling of the 
communication. 

Operation through a vertical midline incision showed a normal bone structure, there was an abnormally 
large branch running medially from the right vertebral artery and a ridge of the dura protruded inwards 
like a shelf corresponding to the indentation seen on the air pictures. There was a groove on the ectopic 
tonsils caused by impaction against this shelf. The tonsils could be lifted easily and the small fourth 
ventricle seen. It came lower than had appeared on the x-rays and the obex was several millimetres in 
depth and almost parallel to the floor of the fourth ventricle so that it formed an unusually marked 
funnel above the communication. This membraneous obex was divided using microscissors and then 
a needle was passed through in the way shown in fig. 3 and brought out near the communication. The 
first placement was inaccurate and needed to be done a second time. A piece of fascia and a 14 mm 
silastic ball were used to close the communication. Part of the inside of each tonsil was sucked out and 
both tonsils were sutured upwards to the dura. A silastic sheet was used to close the dura. 

Post-operatively he had retention of urine and some deterioration of gait for a few days. This returned 
to normal rapidly and was accompanied by improvement in spasticity of the left arm and the plantar 
responses became flexor. There was some recovery of the sensation in both arms so that the dissociated 
loss was complete only over the left shoulder and left side of the neck. 

He returned to work one month after operation and became fully active. He was playing table tennis 

some weeks later when he had a sudden pain in the right side of the neck where he had had no previous 
trouble. He also had some attacks of chest pain. By the age of 53 years the chest and neck pains had 
lessened and only a residual soreness was present in the right side of the neck. It was not affected by 
exertion after the initial event. The left arm and the sensory loss continued to be improved compared 
with the pre-operative condition and his muscle fasiculation was much improved. The right arm was 
continuing to deteriorate, he fumbled with his keys and had difficulty in writing. 
_ At the age of 55 years, three years after operation, the right arm suddenly deteriorated further with 
weakness in the shoulder and inability to abduct the arm. About one week after this he had severe pain 
in the shoulder radiating up into the right side of the neck. There was some spasticity 1n the right arm, 
rather more than on the left, but neither were as spastic as the left was before operation. The dissociated 
sensory loss continued to worsen on the right. The left arm and gait remained as they had since operation, 
the plantar reflexes had improved once more to produce flexor responses. Neck movements were painful 
with a good deal of crepitus. The bilateral arm involvement and neck pain later produced such difficulties 
that he had to give up working. He could not comb his hair, bath himself or hold a pencil. 


Case 10 ; 

Syringomyelia not proven. Idiopathic tonsillar ectopia associated with arm pain, relieved by a wide 
decompression at the age of 25 years but replaced by severe headache. Re-investigation at 26 years of 
age showed massive descent of the cerebellum through the occipital craniotomy. 

A woman born as the result of a normal labour was well apart from primary amenorrhcea until aged 
21 years when she began to have severe pain in the right forearm and hand which gradually ascended 
to the shoulder. The pain became more intense and at 24 years of age the right flexor retinaculum was 
divided without improvement. The right arm became progressively weaker and she developed headaches 
over the whole head. 

At 25 years of age she came under the care of a colleague. She had a slight horizontal nystagmus to 
the right and weakness of the right arm, most marked in the hand, with blunting of sensation to pin prick 
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and touch over the whole of the right upper limb. Tendon jerks were present and equal on both sides 
and the plantar responses were flexor. 

Iophendylate myelography showed a filling defect at C2 and operation confirmed pronounced 
cerebellar ectopia. A wide decompression of the posterior fossa was done. The left tonsil was furthest 
down and was amputated. The upper spinal nerves inclined upwards as they ran laterally and the outlet 
of the fourth was seen to be lower than normal. The floor of the fourth was not seen, the cord was not 
visibly cystic but there was a small hump on the medulla. The dura was not closed. 

Post-operatively the patient had a good deal of pain in the neck and low back which was eased by 
lumbar puncture and removal of bloodstained CSF. As this passed off the pain in her arm lessened. The 
main complaint then became headaches over the vertex and frontal region. They were not felt in the 
occiput or the neck and did not go into the arm. They were unpredictable, came on at any time of 
the day and she sometimes woke with them. They sometimes seemed to pulsate in time with her heart 
but they were not aggravated by straining or changes in posture. They were sometimes made worse by 
noise. Hard physical work did not seem to cause the headaches and when they stopped this was quick 
and inexplicable. 
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Ею. 4, Case 10. Outline of the lower edge of the cerebellum and upper spinal cord as obtained at pre-operative 
and post-operative air studies. The dotted line indicates the presumed position of the back part of the cerebellum. 
ai the angulation of the medulla ш the post-operative picture suggesting downward displacement of the whole 
of the stem. 


Five months after operation she was unsteady on her feet and tended to veer to the right on walking. 
On examination she had a marked nystagmus to both sides. The power of the right arm was good. The 
legs were mildly spastic with an extensor plantar on the left. The left biceps reflex was depressed-but 
the right arm jerks were normal. The epigastric, gluteal and anal superficial reflexes were absent. 

Air encephalography showed gross descent of the lower cerebellum and the fourth ventricle. The size 
of the fourth was somewhat greater than pre-operatively but there was no hydrocephalus (fig. 4). 

No operation was advised and the patient continues unchanged after four years. 
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DISCUSSION 


The problems associated with posterior fossa surgery are complex and include 
consideration of mortality and morbidity after operation and progression of the 
disease despite operation. 


Mortality 


The mortality reported by' Gardner (1965) was 5 out of 74, that reported by 
Hankinson (1978) was 3 cases out of 84, Banerji and Millar (1974) one out of 10, 
Newton (1969) one out of 15, Saez et al. (1976) none out of 14. There is in general 
a paucity of information about the mortality rate. The operative series from which 
these case reports are taken is of 47 cases, 49 operations, of which 41 were posterior 
fossa explorations (six re-explorations) and 9 insertions of a valved shunt. The 
mortality in this series bas been 5: Cases 1-3, plus a midbrain glioma (Williams 
and Timperley, 1977) and a post-operative hemorrhage after re-exploration. This 
series therefore almost equals the 15 per cent mortality given by Jefferson (1973). 
Causes of mortality are various, some, such as air embolism (Newton, 1969), post- 
operative hzemorrhage or glioma, not being specific to syringomyelia. 

One problem is respiratory. Syringobulbia and large cervical enlargement 
cavities may give respiratory difficulties; problems with clearing the chest were 
partly responsible for the deaths of Cases 2 and 3. The death of Case 1 suggests 
that this might have been sleep apnæa. The possibility of cardiac arrest should 
be considered. No anatomical feature could be found in this case to explain the 
death. The assumption was made that his cerebellar prolapse and presumed com- 
pression caused his unusual posture and restlessness which were a way of keeping 
the tonsils disengaged from the foramen magnum and that after operation the 
difficulties would cease. This seems unlikely to have been an error. This example 
of the syndrome of being ‘found dead’ is unfortunately not unique (Gardner, 
1965; Krayenbühl, 1974; Hankinson, 1978) and since that time all our patients 
with syringomyelia have had at least twenty hours continuous surveillance post- 
operatively. | 

The first three cases were all robust-looking men who had overcome their 
disabilities with resolution and it is clear that these patients are often more of 
a risk than they appear. 


Morbidity 


Increased neurological deficit immediately after operation. Hankinson (1970) 
comments on the ‘surprisingly difficult post-operative period’. Gardner (1965) 
reported six patients who had worsening of pre-operative symptoms and ‘several 
instances’ of bulbar or long tract symptoms, non-existent before operation, which 
were precipitated by operation. Particularly frail are patients with syringobulbia 
such as Cases 2, 3 and 8. Deterioration in some degree is not uncommon, including 
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disorders of eye movement, increase in nystagmus (Case 9), increase in ataxia, 
postural hypotension (Case 8), hiccoughs, vomiting, pyrexia and increased posterior 
column signs after energetic blockage of the communication (Case 5). Such 
deterioration is commonly trivial compared with the benefits of posterior fossa 
decompression. 


Exacerbation of hydrocephalus. A proportion of cases have some ventricular 
enlargement and occasionally, as in Cases 2 and 3, there is marked hydrocephalus. 
This is due to the same basic pathology as the abnormality of the foramen magnum, , 
most commonly birth injury (Williams, 1977a), but also sometimes due to tumour, 
spina bifida, meningitis or head injury (Williams, 19775). It is tempting to believe 
that correction of the fourth ventricle abnormality, for instance, by opening the 
fourth ventricle so that it exits to the spinal subarachnoid space must improve the 
situation in respect of the hydrocephalus but experience confirms that this is not so. 
Even patients such as Case 4 with no pre-existing hydrocephalus may become 
decompensated after operation, presumably due to either inadequate subarachnoid 
space beyond the foramen magnum combined with the release of blood and 
proteinous exudate into the CSF pathways, or else fibrosis around the site of 
operation, possibly combined with repositioning or slumping of the structures 
such as occurred with Case 2. It is uncertain to what extent hydrocephalus con- 
tributed to the death of Case 2. Case 3 might have done better with a more prompt 
diversion of CSF. In both cases the hydrocephalus was known and the prospect 
of a shunt kept in mind. Hankinson (1970) reports two cases of hydrocephalus 
exacerbated after posterior fossa exploration and Newton (1969) had, similarly, 
two cases requiring a valved shunt. The present policy is to shunt, as initial treat- 
ment, all cases with large ventricles, and improvement in the actual syringomyelic 
symptoms seems to have occurred in such cases rather more often than in cases 
shunted for syringomyelia who had no hydrocephalus. 

Patients 4 and 5 are unusual in the delay which occurred before the onset of 
hydrocephalus. Post-operative EMI scanning seems likely to be worthwhile in 
patients whose posterior fossae have been opened. 


Progression of foramen magnum abnormalities—arachnoiditis. There is usually 
some arachnoid thickening around prolapsed tonsils and it is probably artificial 
to divide the two conditions as though they were separate or had necessarily 
a different etiology. Nevertheless, cases with gross arachnoiditis are often identi- 
fiable on pneumoencephalography and present a severe problem in management. 
Dissection is hazardous because structures such as the posterior inferior cerebellar 
arteries are frequently misplaced and dissection and retraction of the tonsils is 
impossible without risk of vascular damage. Operation may be followed by 
increased fibrosis, accentuation of hydrocephalus and progression of neurological 
disorder. Pre-operative air encephalography/myelography and ventriculography 
should allow such cases to escape posterior fossa exploration. If gross arachnoiditis 
is found at operation orderly withdrawal seems commonly to be the best course. 
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Closure of the dura with a dural substitute might lessen the tendency to adhesion 
formation (Gardner, 1965). 

Gardner has written (1971) opposing interference with the tonsils because of 
the possibility of provoking further adhesion. If the empty pia can be sutured 
laterally, holding the midline foramen open, it seems justifiable to make a perma- 
nent opening as in Cases 6 and 7. The operative result in these cases was satisfactory 
in respect of the midline foramen being held open and the surrounding tissues not 
drooping. 


Prolapse through the occipital decompression. If the bone of the occiput is com- 
pressing the tonsils then removal of this bone may aggravate the descent of the 
cerebellum and stem. Even when there is no descent at operation, as in Cases 2 
and 4, there may be later slumping of the contents of the posterior fossa and closure 
of the midline foramen. In Case 10 the slumping was very marked and it seems 
possible that her headache was due to this. Although she had severe arm pain 
before operation the head pain was entirely post-operative as was her ataxia and 
worsened nystagmus. The treatment of a hernia by increasing the size of the hole 
into which the tissues are jammed is mechanically unsound. It is tempting to use 
tubing to vent CSF from the ventricles and the subarachnoid space as recom- 
mended by Lapras, Poirer, Deruty, Bret and Joyeux (1975). This is only necessary 
when the tonsils are bound down and the fourth ventricle crowded and small, 
a situation where any distortion should be avoided. This is difficult and the first 
consideration is likely to be that of not harming the patient. Small decompressions 
and valved shunts have much to commend them. 


Head and neck pain. Head and neck pain may be present before operation, it 
is commonly improved, sometimes unchanged, or may be worse after posterior 
fossa operation. It is a complex subject made so by the usual difficulties of describ- 
ing and classifying pain, plus the pathological possibilities which must include 
joint pain, pain from cerebellar prolapse, distortion of nerve roots and pain 
originating within the spinal cord itself. Several of these causes may be additive 
in any patient. 7 


Joint pain. The bones of the neck are frequently malaligned (Case 5) and the 
joints the subject of degenerative disease (Cases 8 and 9). Abnormal fusion of 
vertebrz are sometimes found and advanced cervical spondylosis, which is often 
seen, may be partly neuropathic and painful. 


Pain from ectopia. It is probable that jamming of the tonsils in the foramen 
magnum produces distortion of, and traction upon pain sensitive structures 
(Symonds, 1956; Wolff, 1948). Cough headache may occur during periods of 
cranio-spinal pressure dissociation and be alleviated after cerebellar decom- 
pression and correction of the pressure dissociation. It can resolve spontaneously 
as it may in non-syringomyelic patients (Symonds, 1956). Cases in which occipital 
headache is precipitated by exertion and completely relieved after decompression 
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of the foramen magnum are likely to be due to this mechanism. Saez et al. (1976) 
report correction of this symptom as a successful aspect of surgical treatment. 


Pain from traction on nerves. Descent of the upper spinal cord and medulla may 
produce traction on nerves. Tinnitus and deafness is common. The distortion of 
the upper cervical nerve rootlets and the adhesion of the cord and medulla to the 
left side of the spinal canal seems the most likely explanation for the persistent 
and well-localized pain in Case 6. Angulation of the nerves of the upper cervical 
cord is common with syringomyelic patients and decompression of the posterior 
fossa is unlikely to benefit such pain; if further descent occurs, as in Case 10, it 
may be worse. 


Pain from within the cord. Tracking of fluid within the cord may cause pain. The 
injection of saline or CSF into the medulla of the cord appears to cause discomfort 
in dogs (Williams and Weller, 1973) and patients notice the occurrence of pain in 
areas supplied by the affected cord. The lower abdominal pain in Case 1 and the 
pain on the left side of the face in Case 5, aggravated by sneezing, are examples 
and the backache of Case 4 might have been caused in this way. Sometimes the 
progression of pain followed by numbness is associated with coughing, sneezing 
or straining, as in Case 9 (Barnett, Foster and Hudgson, 1973). 


Progression of the disease after operation. Even technically excellent results, such 
as Cases 6 and 7, may be followed by relapse after operation. In these cases 
re-investigation showed that the surgical objectives had been attained. There was 
no slump of cerebellar contents, the midline foramen was widely open, and cranio- 
spinal dissociation did not occur. The cause of the progression may be vascular 
changes or further hydrodynamic damage from ‘sloshing’ of fluid. 


Ischemia. The progressive disruption of spinal cord tissues in syringomyelia is 
accompanied by gliosis and masses of fibres arranged in annuli around the cord 
cavities. The suggestion that these are abnormal dates back to Kirch (1927) and 
Riley (1930). There is little evidence of abnormality other than the profusion of 
cells, but this gliosis may be associated with vascular insufficiency of the cord 
(Netsky 1953) and it is possible that this could lead to further gliosis and loss of 
function. 


‘Sloshing’. Perhaps more probable is the continuing distending action of fluid 
within the syrinx. The flaccid nature of the syrinx allows the normal variations of 
pressure within the CSF of the spinal canal to agitate it into movement. The most 
convenient pressure events to study are coughs—some have been measured by 
simultaneous lumbar and cisternal punctures by Williams (1976). During coughing 
there is a surge of fluid upwards in the greater part of the spine and this can be seen 
to beimparted to the contents ofthe syrinx on syringography. Asthe cough subsides 
the fluid once more moves caudally with less energy. This surging or sloshing of 
fluid is almost certainly responsible for the progression of syringomyelia above 
а сога injury and for the development of syringobulbia (Williams, 19705; Bertrand, 
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1973). It may indeed be responsible for the greater part of the energy transmission 
which produces the breakdown of the wall of the syrinx. It may account in part 
for the principal occurrence of the syrinx in the cervical region. The neatly-rounded 
upper end of the cavity which is commonly seen, usually at the cervico-medullary 
junction, would fit better with that explanation than with considerations based 
upon the water content of grey matter (Gardner 1973), or the proportion of grey 
matter to white or the outside diameter of the cord at different levels (Williams and 
Weller, 1973). On theoretical grounds it might be expected that once a syrinx 
reaches a particular size and the volume of fluid within it increases then it becomes 
more effective as a *water hammer'. A given bulk is necessary to collect energy 
from the subarachnoid space and to deliver in the form of a distending pulsation 
in another part of the syrinx cavity. It thus seems likely that craniospinal dissocia- 
tion may be chiefly intrumental in causing a syrinx but that once it is established 
the sloshing of fluid within the syrinx may be responsible for extending it. Thus 
although operations for correction of craniospinal dissociation may be partly 
successful, ‘sloshing’ may not be lessened and progression can occur which may 
even pick up speed after all benefit has been gained from the posterior fossa 
decompression. І 


Should Posterior Fossa Surgery Бе Abandoned? 


Syringomelia is as unpleasant a disease or rather collection of diseases as any 
which strikes humanity; its progression is frequently such as to lead to terrible 
disability and an unpleasant end. The remedy, however, seems to be close to the 
surgeon's hand. Modern neurosurgery can destroy the choroid plexus, block CSF 
pathways, shunt CSF through diverse holes and along pipes of varying diameters 
with valves of differing resistances. Ventricles can be collapsed down to almost 
nothing, veins could in theory be ligated to raise intracranial venous pressure, 
massive decompressions can be made in skull or spine or the junction of the two. 
Syrinxes can be injected with heavy liquids, radioactive liquids and sclerosing 
liquids. Surely there is a possibility of improving almost all cases if they were 
detected early and the correct choice could be made? 

The surgeon now has three practical options: CSF shunting operations to lower 
pressure, myelotomy and posterior fossa operations. 

Ventricular shunting to lower CSF pressure carries a series of known hazards— 
. infection, thrombo-embolism, blockage of the shunt and over-shunting with 
collapse of the ventricles. Additional to this, if the shunt is done for a non- 
hydrocephalic patient how is the patency to be assessed? Repeated CSF punctures 
to estimate pressures are inaccurate and risk introducing sepsis. Although early 
reports are optimistic (Krayenbühl, 1974)— early reports generally are, it is possible 
that in ten years time the literature will contain another nervous silence as surgeons 
hesitate to reveal the long-term results. 

Myelotomy is still a good operation (Love and Olafson, 1966; Saez et al., 1976) 
despite the risks of damaging the cord. How it works is uncertain. Gardner's 
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variant of ‘terminal ventriculostomy' should probably not be attempted unless the 
cavity can be shown to extend to the filum terminale. 


What should the Objectives of Posterior Fossa Operation be? 


Correction of cranio-spinal pressure dissociation. 'This is the most intellectually 
appealing objective (Williams, 1970a, 1974, 1976, 1978). The dissociation can be 
measured; it impacts the tonsils in the foramen magnum and should be expected 
to fill the syrinx if the communication is still patent. It seems likely that dissociation 
is active early in the disease before gliosis is marked or enough fluid builds up in 
the syrinx to cause significant ‘sloshing’. Correction of pressure dissociation can 
be measured after operation and sometimes clear improvement can be attributed 
to its correction particularly when there is a symptom such as cough headache 
which goes immediately. 

Unfortunately pressure dissociation is difficult to measure and not all cases can 
be shown to have it. Correction of the dissociation does not always help and 
improvement may sometimes occur after operations which do not much alter the 
dissociation. : 


Blockage of the communication. Attempts to block the communication by pushing 
a piece of tissue or thread into the opening of the base of the fourth ventricle have 
been reported (Gardner, 1965, 1971; Hankinson, 1970, 1978; Saez et al., 1976). 
The ependyma at this site is smooth and firm wedging produces disturbance such 
as bradycardia. It thus seems probable that such a plug may come out. Krayenbühl 
(1974) has opened the top of the syrinx cavity and blocked the communication with 
muscle inserted from below. 

Because of the conviction that correction of craniospinal dissociation was the 
real objective, no attempt was made, in cases added to this series over some years, 
to block the communication. Simple decompression of the tonsils without opening 
the arachnoid has been recommended by Russell (1977). After experience of 
Cases 6 and 7 it seemed possible that the syrinx was filling passively by seeping 
of fluid along the communication because the gliosis in the cord wall tended to 
bold it open and that secure blockage of the communication should be tried (fig. 3). 
Neither of these patients was helped by the second operation (Case 7 has, however, 
remained undeteriorated for four years) and subsequent patients have not done 
better than those in whom tbe decompression alone has been carried out. Cases 8 
and 9 deteriorated after secure blockage. 

The literature does not give evidence in favour of blocking of the communication 
and since secure blockage must increase the risks the question remains unsettled. 


Decompression. The tonsils may act as a space-occupying lesion and compress 
the long tracts at the foramen magnum. Rapid improvement after decompression 
of the posterior fossa seems to make this likely. In Case 5, for instance, the sensory 
improvement was notable on the day after operation. If benefit were gained from 
decompression of the cord, posterior column and pyramidal loss might be expected 
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to be relieved more, or at least as much, as the spinothalamic pathways. Clinical 
observation commonly does not support this, often the improvement seems to be 
the greatest in the dissociated sensory loss; although Vallejo et al. (1961) report 
greatest improvement in pyramidal signs and Krayenbihl (1974) noted motor long- 
tract improvement such as was seen in Cases 7 and 9. 

It is recognized that patients, whose only structural lesion seems to be a space- 
occupying lesion at the foramen magnum, may have symptoms apparently arising 
within the lower cervical spinal cord (Frenay and Endtz, 1975; Livesen, Ransohoff 
and Goodgold, 1973; Symonds and Meadows, 1937). It seems likely that most of 
the cases in these reports had an early communicating syringomyelia which was 
unproven because the outside diameter of the cord was unaltered. 


Improvement of venous drainage. It has been suggested (Blackwood et al., 1963; 
Taylor and Byrnes, 1974) that the compression of the spinal cord at the foramen 
magnum causes syringomyelia by interference with venous drainage. This may seem 
implausible on the basis that the CNS venous system is characterized by widespread 
anastomoses and alternative valveless channels. It seems impossible to explain 
a syrinx extending as far as the conus, sometimes even maximal in the lumbosacral 
region, or to explain syringobulbia on a hypothesis of impaired venous drainage. 
However, vascular changes secondary to compression by prolapsed tonsils remains 
a possibility. 


Indications for Operation on the Posterior Fossa 


Bedbound patients or those confined to wheelchairs seem unsuitable for opera- 
tion, as do patients with severe associated diseases or advanced age. With these 
exceptions a sensible view would seem to be that the patients should be operated 
upon as soon as the condition is diagnosed. Saez et al. (1976) advocate early opera- 
tion to restore normal CSF behaviour. The disease shows a tendency to advance 
suddenly at times (Cases 4 and 8) even when the early stages have been slow. The 
sooner the operation is done, the better the condition in which the patients are to 
withstand the risks, and the better the quality of the patient's remaining life. 

"These obvious considerations are offset by reviewing the case histories herein. 
Although some of the cases appear to hold their ground very well after operation 
the proportion is unknown. A longer follow-up may indicate-a more pessimistic 
result and the indications for posterior fossa operation may become more refined 
with the passage of time. 

Re-operation on the posterior fossa has not produced improvement in any of 
these cases and seems rarely indicated. The result in Case 2 was only to reveal 
a degree of slump and re-obstruction of the fourth ventricle; if it had been corrected 
at the second operation then the result would have been destruction of more 
cerebellar tissue without certain correction of the hydrocephalus. A valved shunt 
seemed more sensible and was successful in Cases 4 and 5. Re-exploration of 
Cases 6 and 7 only confirmed what investigations had shown and no useful 
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improvement seemed to result. Two other re-explorations showed only a situation 
even more hopelessly adherent and fibrosed than at initial operation. One of these 
cases died from post-operative hemorrhage. 

The degree of slump in Case 10 was so gross that no useful surgical treatment 
could be planned. 

In general, if the posterior fossa cannot be well reconstrucied at the first attempt, 
then the situation is likely to be worse on the second occasion and if blocking of the 
communication, injection of iophendylate, or insertion of a tube is the surgeon's 
.policy, it would seem best to carry out such manipulations at the first attempt. 


Other Operative Possibilities 


Lessening of ‘sloshing’. There are two possibilities of lessening ‘sloshing’: 
mechanical interference with the cord, and altering the fluid dynamics of the spinal 
cavity by changing the capacitance of the neuraxis as a whole. 

Mechanical interference with the cord. Having a cord flat and empty must be 
the preferred state. However, blockage of the communication cannot be expected 
to produce this; backwaters of CSF lie about in the tissue of the neuraxis away 
from sources of replenishment, yet are not absorbed. It has been suggested that 
the lining of syringomyelic cavities may secrete fluid (Barnett et al., 1973; Lichten- 
stein, 1949) and this cannot be disproven. Drainage of the spinal cavity by mye- 
lotomy cannot be expected to flatten a flaccid syrinx cavity; a myelotomy might 
just as well allow the syrinx to fill. Could the good results noted after operation of 
myelotomy be due to adhesion formation and interference with ‘sloshing’ by 
implanted tubes, wires, and so on? Gardner et al.’s (1977) recently-advocated 
operation of cutting off the filum terminale to make a myelotomy may work in the 
same way. Perhaps it is significant that the most successful surgical operation for 
syringomyelia in communication with the CSF pathways is gross mechanical 
interference with the cord such as can be practised on syringomyelia above para- 
plegia (Barnett et al., 1973). 

Blockage of the inside of the syrinx may be considered. The infusion of heavy 
viscous fluid into the syrinx in the form of iophendylate (Myodil, Pantopaque) is 
tempting. Such a fluid must surely damp down ‘sloshing’. Although good reports 
have come from Michelson (1970), no case has been observed in this series in which 
instillation of Myodil appeared either to help or to cause an adverse result. 
Myelotomy and introduction of muscle or sponge into the cavity or instillation 
of a sclerosing agent, for example, a suspension of a foreign protein such as milk, 
might be considered. The surgeon would have to be sure that inflammation, 
possibly with exudation of fluid and eventually further gliosis, could not lead to 
further loss of function. Questions such as these demand the development of an 
adequate animal model before they can be investigated, and in the present state 
of knowledge a surgeon. would be bold to attempt such measures. 

Changing capacitance of the neuraxis. Capacitance of the neuraxis can be 
changed by, for instance, the insertion of a ventriculo-atrial shunt; or by decom- 
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pressive operation. If the CSF pressure is lowered then the venous system becomes 
proportionately more distended. This pre-fills the veins which transmit abdomino- 
thoracic pressure to the CSF pathways. These veins thereafter cannot accommo- 
date such a large influx of fluid as they could when they were in their previous, 
partly collapsed, state. Proof of this mechanism is not available in humans but 
a model has demonstrated these phenomena (Williams, 1974). If the energy trans- 
mission from veins to CSF is lessened then energy imposition upon the syrinx may 
be lessened, both during cranio-spinal dissociation and ‘sloshing’ (Williams, 
1974, 1976). i 

It is a sobering thought for the proponents of ingenious operations that the good 
results from decompression of the posterior fossa, blocking of the top and bottom 
of the communication, myelotomy, ventriculo-atrial shunting and Gardner’s 
terminal ventriculostomy might all be largely due to alteration of capacitance. 


CONCLUSIONS 


Posterior fossa decompression operations offer considerable prospects of 
improvenient for sufferers from communicating syringomyelia. The mechanisms 
underlying this improvement are obscure. 

There is no adequate evidence to prove that blockage of the communication is 
helpful in reversing or arresting the progress of the disease. 

There is a considerable mortality from posterior fossa operations, five patients 
in this series of forty-one operations. 

There is a morbidity associated with posterior fossa operations which is usually 
transitory but includes the development of hydrocephalus even months after the 
procedure. 

In addition to the obvious surgical hazards associated with age, respiratory 
symptoms, generalized muscular weakness, arterial hypertension or postural 
hypotension and so on, mortality and morbidity are particularly associated with 
pre-existing hydrocephalus, syringobulbia and arachnoiditis. 

Patients with hydrocephalus could reasonably be treated with a valved ventriculo- 
atrial shunt in the first instance. 

Demonstration of craniospinal pressure dissociation does not provide a certain 
indication for posterior fossa surgery. 

Decompression of the posterior fossa may have to be limited by the considera- 
tion that the cerebellum may continue to slump and become impacted within the 
bone defect as it previously was in the foramen magnum. 

Even when craniospinal pressure dissociation is corrected and the medulla is 
decompressed the disease may continue to advance at a rate similar to that before 
operation. 

Advancement of knowledge in this disease is to be encouraged and may be 
expected to yield continually improving results. 
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SUMMARY 


The demonstration of the association between abnormalities of the foramen 
magnum and the commonest form of syringomyelia has led to advances in the 
understanding of this disease. The association between the blockage at the foramen 
magnum and a communication from the cerebrospinal fluid pathways with a syrinx 
has produced surgical attempts at correction often with good results in the short 
term. The exact mechanisms of syringomyelia are unknown, but craniospinal 
pressure dissociation seems likely to be important in the development and pro- 
gression of the syrinx and correction of the foramen magnum abnormalities may 
produce benefit by lessening this dissociation. 

Other benefits may come from blocking the communication, altering the 
capacitance of the neuraxis or decompression of impacted tonsils relieving direct 
pressure upon the underlying cord and its blood supply. 

There are disadvantages of posterior fossa operation. Complications include 
sudden respiratory arrest, exacerbation of hydrocephalus, aggravation of cere- 
bellar, brain-stem and spinal cord neurological signs, postural hypotension, 
abnormal descent of the cerebellum, nuchal and occipital headache; also the 
disease sometimes progresses significantly even though the posterior fossa situation 
has been refashioned. 

On occasions the disease is unimproved by posterior fossa operation and even 
without operation, syringomyelia sometimes remains clinically static for many 
years. Illustrative clinical histories are given and it is suggested that improvements 
are required in the pre-operative assessment of patients with communicating 
syringomyelia in conjunction with an improved understanding of the mechanisms 
which produce and extend the cavitation. 
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THE CORTICOPONTINE PROJECTION IN 
THE RHESUS MONKEY 


ORIGIN AND PRINCIPLES OF ORGANIZATION 


by P. BRODAL! 


(From the Department of Human Anatomy, South Parks Road, Oxford OX1 3QX) 


INTRODUCTION 


CEREBELLAR lesions in man lead, among other symptoms, to ‘abnormalities of 
rate, regularity and force of voluntary movements' (Holmes, 1939). On the basis 
of careful studies of patients with cerebellar disorders, Holmes concluded that this 
disturbance of voluntary movement is due to a disruption of the connections 
between the cerebellum and the cerebral cortex. He also based his conclusion on 
the fact that in man, the cerebellar hemispheres make up most of the cerebellum 
and, asis well known, this part is mainly connected with the cerebral cortex. During 
the evolution of increasingly versatile skilled movements, the sizes of the cerebral 
and cerebellar hemispheres increase in parallel. Therefore, in order to understand 
the function and dysfunction of the cerebellum in man, it is important to obtain 
experimental data in animals having well developed cerebellar hemispheres, that 
is, in primates. Indeed, the cerebellar role in the control of movement in primates 
has recently attracted much interest from physiologists (see Evarts and Thach, 
1969; Allen and Tsukhara, 1974). For example, by cooling the dentate nucleus, 
which receives the Purkinjecell axons from the cerebellar hemispheres, disturbances 
of voluntary movements very similar to those seen in man are produced (Conrad 
and Brooks, 1974). A thorough knowledge of the anatomical organization of the 
pathways involved is of importance for a full evaluation of the physiological results, 
but so far detailed anatomical studies on these pathways have been performed only 
in the cat. However, due to the moderate development of the cerebral cortex and 
the cerebellar hemispheres in this animal, one does not know to what extent these 
results are applicable to primates, in particular to man. Furthermore, the so-called 
association areas of the cerebral cortex, which reach their maximal development 
in man, are poorly developed in the cat and can best be studied in primates. When 
the differences and similarities between cat and monkey are known, the detailed 
data available on the cat's cerebro-cerebellar relations may be applied more safely 
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to primates. It is, therefore, highly desirable to study in detail the anatomy of 
cerebro-cerebellar connections in primates. 

This study deals with one part of the most important pathway mediating 
impulses from the cerebral cortex to the cerebellum, that is, the corticopontine 
projection, which is the first link in the corticopontocerebellar pathway (see 
A. Brodal, 1972, for a review). About 19 million fibres are present in the human 
cerebral peduncle immediately above the pons, while only one million continue 
into the pyramids. The restiform body, carrying most of the spinocerebellar and 
olivocerebellar fibres, is said to contain a modest 0-5 million axons on each side 
in man (Tomasch, 1968). 

In the cat, the corticopontine projection exhibits an intricate and precise 
organization when studied with silver impregnation methods after making small 
cortical lesions (P. Brodal, 1968a, b; 1971a, b; 1972a, b, c; Mizuno, Mochizuki, 
Matsushima and Sasaki, 1973). The main functional cortical areas project upon 
different parts of the pontine nuclei. A striking feature is the termination of the 
fibres in sharply delimited bands or columns and, furthermore, that each minute 
part of the cortex as a rule projects upon more than one such column. Recently, 
comparably detailed studies have been performed with the horseradish peroxidase 
method on parts of the pontocerebellar projection in the cat, disclosing a pattern 
very similar to that found within the corticopontine projection: restricted cell 
columns in the pons project on usually more than one part of the cerebellum, and 
each small cerebellar part receives as a rule from several pontine columns (Hod- 
devik, 1975; Hoddevik, Brodal, Kawamura and Hashikawa, 1977; Brodal and 
Walberg, 1977). 

Although several authors have studied the monkey’s corticopontine projection 
using silver impregnation techniques, findings in the pontine nuclei are mentioned 
only briefly, other pathways attracting the main interest (Whitlock and Nauta, 
1956; Kuypers, 1960; Kuypers and Lawrence, 1967; Campos-Ortega, Hayhow 
and Kluver, 1970; Spatz, Tigges and Tigges, 1970; Astruc, 1971). It is not possible 
from these studies to make out whether the principles of organization are similar 
to those in the cat. Nyby and Jansen (1951) made a careful study with the Marchi 
method of the corticopontine projection in the rhesus monkey, finding an overall 
pattern apparently different from, and less precise than, that in the cat. Doubt 
exists, however, as to whether these differences are apparent or real, since the Marchi 
method is less sensitive than the silver impregnation methods and the findings are 
more difficult to interpret. Furthermore, the lesions used by Nyby and Jansen were 
much larger than those used in the cat, and often not limited to a particular cortical 
functional or cytoarchitectonic area. Other Marchi studies in monkeys and studies 
of human pathological material (see Nyby and Jansen, 1951, for references) 
disagree on important points, and furnish little information with regard to general 
principles of organization. 

The aims of the present study have therefore been to determine which parts of 
the cortex project on to the pontine nuclei, and whether there are quantitative and 
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qualitative differences between the projections from the various cortical regions; 
furthermore, to decide whether there is a somatotopical pattern within the pro- 
jection from the primary sensorimotor cortex, and finally to compare the findings 
with those made previously in the cat by the present author. 


MATERIAL AND METHODS 


The brains of 38 adult rhesus monkeys, of which the majority had been used in previous studies (Jones 
and Powell, 1969, 1970; Kemp and Powell, 1970; Pearson and Powell, 1978), were kindly made available 
by Dr. T. P. S. Powell. Cortical lesions had been made under pentobarbital anesthesia, by suction or by 
removing the pia from the surface of the cortex. After survival periods of three to fourteen days the 
animals were again anzsthetized and perfused with normal saline, followed by 10 per cent neutral 
formalin. The brains were removed and stored in fixative for one to three months. Frozen sections were 
cut at 25 um in the coronal or transverse plane (fig. 1), and a 1:20 series stained either by the Nauta 
and Gygax (1954), Fink and Heimer (1967) or Wiitanen (1969) methods. In many instances two of these 
methods were used on alternate sections from the same brain. The depth and extension of the lesions 
were checked with the microscope. The sections through the pontine nuclei were drawn, and the terminal 
degeneration observed in the microscope entered as dots. In the diagrams to follow, representative 
sections through the pons are shown. The sites of the lesions are described in relation to Brodmann's 
(1909) cytoarchitectonic map and Woolsey's (1958) physiological map of the sensorimotor cortex. 





7 
Transverse plane | 
І 
Coronal plane 


Ес. 1. Diagram showing the planes of sectioning used in the present study. Most series were cut approximately 
coronally, but the exact plane varies somewhat in different cases. 





RESULTS 


1. Degeneration in the Pontine Nuclei after Cortical Lesions 


The distribution and pattern of degeneration in the pontine nuclei is very similar 
regardless of whether the Nauta and Gygax (1954), the Fink and Heimer (1967) 
or the Wiitanen (1969) method is used. This is evident from cases where two or 
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more of these methods have been used on alternate sections. In cases with similar 
lesions but different survival times, no difference can be detected in the distribution 
of the degeneration. The identification of small amounts of degeneration is 
rendered difficult in the Nauta and Gygax (1954) sections due to the large number 
of normal fibres usually impregnated. This makes it possible that in some cases 
in the present material a small projection may have been overlooked. 

In all cases where degeneration of any appreciable amount is found inthe pontine 
nuclei, it is sharply delineated and usually distributed into rostrocaudally orientated 
slabs or lamella-like areas often only 100—500 um wide (fig. 2). After large lesions, 
the degeneration tends to fill the area (see, for example, fig. 4) while smaller lesions ' 
usually give degeneration in small patches, 50-300 um in diameter, distributed 
within the limits of a lamella (see figs. 2 and 5). 


2. Presentation of Experiments 


Since the main purpose of the present study has been to elucidate the general 
principles of organization and overall topographical pattern within the cortico- 
pontine projection, most of the cases to be presented in the following have lesions 
aimed at including one cytoarchitectonic or functional area only. A smaller 
number of cases with lesions restricted to subdivisions of the sensorimotor area 
will be presented as well, giving information on the question of a somatotopical 
organization of the corticopontine projection. After large lesions comprising most 
of the motor cortex, a small amount of contralateral degeneration is found in the 
pontine nuclei in addition to the massive degeneration occurring ipsilaterally. 
Smaller lesions of the motor cortex, and large lesions not including the motor 
cortex gave virtually no contralateral degeneration. Therefore, cases with bilateral 
lesions were used in several instances. This facilitates the detection of topographical 
and quantitative differences between projections from the various areas. 

The first case shows the pontine distribution of degeneration after a lesion com- 
prising the cortical areas giving origin to most of the pyramidal tract fibres (Kuypers, 
1960; Coulter, Ewing and Carter, 1976). In OM 183 (survival time five days, fig. 3) 
thé pre- and postcentral gyri as well as the superior parietal lobule are almost 
completely destroyed, including the cortex in the central and intraparietal sulci. 
In addition, parts of the inferior parietal lobule are affected. In central and caudal 
parts the lesion extends considerably into the white matter, and some fibres from 
areas posterior and medial to the lesion may have been interrupted, but hardly 





Fig. 2 Photomicrographs showing typical examples of degeneration in the pontine nuclei after small cortical 
lesions. A, low power photomicrograph of a band-like area of very dense degeneration medial to the peduncle 
six days after a small lesion of the motor hand area (OM 324, cf. fig. 5, right, section 9). Wutanen (1969) method. 
B, from framed area in A. Note the very dense degeneration occurring even after a small lesion, and the sharp 
transition to normal neuropil. c, example of a very dense patch of degeneration in OM 324 (cf. fig 5, right, 
section 7) D, a very small patch with moderate degeneration in OM 324 (fig. 5, right, section 13). E, degeneration 
in the pontine nuclei four days following a lesion of area 5 (OM 241, cf. fig. 8, section 5). 
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any from area 6 in front. Thus, the lesion comprises area 4 (motor cortex), areas 3, 
1 and 2 (somatosensory cortex) and area 5; with less involvement of area 7. 

In the ipsilateral pontine nuclei massive degeneration is evenly distributed within 
almost all parts of the pontine nuclei (fig. 3). However, there are some conspicuous 
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Fic. 3. The distribution of pontine degeneration after a unilateral lesion mainly comprising the sensorimotor 
cortex and area 5. Area 6 is not involved. The lesion is shown in black in a drawing of the brain (top). Below 
the degeneration is entered as dots in drawings of coronal sections through the pons. Note that the projection 
is almost entirely ipsilateral, and that the degenerated area is more or less surrounded by a zone free of degenera- 
tion. Within the area of termination the fibres are distributed uniformly, in contrast to the patchy appearance 
following small lesions (see figs. 2 and 5). The areas free from degeneration in this case receive fibres from areas 6, 
7 and the visual and temporal cortices (see figs. 6, 9 and 10). Abbreviations: Br.p. = brachium pontis. M.L. = 
medial lemniscus. Ped. — continuation through the pons of the cerebral peduncle. 


bare areas, more or less surrounding the degenerated regions. The area free from 
degeneration is very small caudally, but increases in the rostral direction. Sparse 
degeneration is found in the contralateral pontine nuclei, particularly medially in 
the caudal part. 

In the following, it will be shown that the areas which are bare in this case (fig. 3) 
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receive afferents from premotor (area 6), visual and temporal cortices, and further- 
more, that within the central area of degeneration motor, somatosensory and 
- parietal association areas project differently. 


The Sensorimotor Cortex 


In OM 58 (survival time twelve days, fig. 4), a large lesion was placed in the 
precentral gyrus (motor cortex, MI). The posterior half of area 4 is damaged from 
the medial margin of the hemisphere to just above the lower end of the central 
sulcus. White matter is involved over most of the length of the precentral gyrus, 
but there is no extension into area 3 in the posterior bank of the central sulcus, 

‚ nor does the lesion extend. anteriorly into area 6. 


OM 58 OM 53 


| Mf 
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FiG. 4. The pontine projection from the motor cortex (OM 58) and the somatic sensory cortex (OM 53). The 
pons 1s cut coronally in both cases but the exact planes are not identical, OM 58 being cut more transversely than 
OM 53. The motor cortex projects on to two (partly continuous) areas extending rostrocaudally: one medially 
and one ventrolaterally. The somatic sensory cortex projects mainly on to a rostrocaudal slab laterally, and only 
to a very small area medially. Note that the somatic sensory cortex projects more laterally than the motor cortex, 
except caudally, where the overlap appears to be extensive (compare with fig. 5). 
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In the ipsilateral pontine nuclei massive degeneration is found within certain well 
restricted areas, extending through the length of the pons, but most developed 
caudally. One area is found medially, and is particularly prominent close to the 
medial aspect of the ventral part of the peduncle; the other is found ventrolaterally. 
(The term peduncle is used for the continuation in the pons of the fibres of the crus 
cerebri). In caudal sections the latter extends far dorsally, while it is restricted to 
a position ventral to the peduncle at more rostral levels. At some places, particularly 
caudally, there appears to be continuity between the two areas (fig. 4, section 2). 
In the contralateral pontine nuclei, sparse degeneration occurs within areas corre- 
sponding to those showing maximal degeneration on the ipsilateral side. 

Corresponding observations are made in another animal with a large lesion 
restricted to area 4 (OM 70, not illustrated). In this case also the rostral part of 
area 4 is destroyed. The Nauta-Gygax and Fink-Heimer methods were used on 
alternate sections, giving virtually identical results with regard to distribution of 
the degeneration. 

In OM 53 (survival time nine days, fig. 4) a large lesion was made of the left post- 
central gyrus (somatic sensory cortex, ST). The damage extends from the medial 
surface to just below and in front of the lower end of the central sulcus. Anteriorly 
the lesion involves the posterior wall of the central sulcus but the damage to the 
white matter is slight. Area 4 in the precentral gyrus is not involved. 

In the ipsilateral pontine nuclei heavy degeneration is found mainly along the 
lateral aspect of the peduncle. This area of degeneration is found through the 
rostrocaudal extent of the pons, but predominantly in the caudal two-thirds. At 
certain levels the slab of degeneration splits into several narrow bands (fig. 4, 
sections 4-8). There is an additional minor area of degeneration medial to the 
peduncle (fig. 4, sections 4-6). Only a few isolated degenerated fibres are found in 
the contralateral pontine nuclei. 

Some cases with small lesions restricted to anterior or posterior parts of SI 
indicate that these parts project somewhat differently on to the pons. In OM 57 
and OM 63 (not illustrated) the small lesions involve areas 2 and 3 in the face and 
hand regions of SI respectively. There is only very slight involvement of white 
matter, and fibres from area 4 have most likely not been severed. The distribution 
of degeneration corresponds to that seen in fig. 4 (OM 53). In OM 54, 55 and 219, 
on the other hand, with lesions restricted to posterior parts of SI (areas 1 and 2) 
in the trunk and hand regions, virtually no degeneration is found medial to the 
peduncle. 

From what is described above (fig. 4), it appears that the motor and somatic 
sensory areas project largely to different parts of the pontine nuclei. The motor 
cortex projects on the whole more medially and ventrally than does the sensory 
cortex. There appears to be some degree of overlap, particularly caudolaterally. 

The somatotopical patterns within the projections from SI and MI are most 
clearly demonstrated in cases with small bilateral lesions, although supportive 
evidence comes from several cases with smell unilateral lesions. 
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In OM 323 (survival time six days, fig. 5), small lesions were made of the distal 
hand area of the postcentral gyrus on the right side, of the leg area on the left. Both 
lesions extend only very slightly into the underlying white matter and involve 
mainly areas 1 and 2. 

In the pontine nuclei dense degeneration is found in small patches within the 
total projection area of SI, as described above (fig. 4). Except for some patches of 
low density, however, the degeneration is situated clearly more caudally on the left 
(leg lesion) than on the right side (fig. 5). Even where degeneration is present on 
both sides in the same section, the patches are not distributed symmetrically 
(fig. 5, sections 5-7). 

In OM 324 (survival time six days, fig. 5) small lesions were made of the M1 distal 
hand area in the precentral gyrus on the right side, and of the leg area on the left. 
The lesions are restricted to area 4, and only very little white matter is involved. 

In the pontine nuclei extremely dense degeneration is distributed into sharply 
delimited bands and patches (figs. 2 and 5) within the total MI projection area as 
described above (fig. 4). The distribution is clearly different on the two sides. First, 
the degeneration around the lateral aspect of tbe peduncle is more caudally located 
and much more marked on the left than on the right side (fig. 5, sections 3-5). 
Secondly, around the medial and ventral aspect of the peduncle (sections 5-9) the 
degeneration is located more medially (and ventrally) on the right than on the left 
side, the terminal areas taking the form of two curved concentric lamelle. In 
addition to these clear differences, more or less isolated patches of degeneration 
are found on both sides, but as a rule they are not symmetrically situated. 

The major differences described above are apparent also when cases with partial 
lesions of SI (OM 55, 57, 63, 162, 219, 271, not illustrated) and MI (OM 41, fig. 7, 
and 230, not illustrated) are studied, but due to the patchy distribution of the 
degeneration over wide areas, more detailed comparison between different cases 
is extremely difficult. 

When comparing the size of the lesions and the amount of degeneration in the 
pontine nuclei in the cases with small lesions described above, the impression is 
gained that the projection from the motor cortex is heavier than that from SI. This 
conclusion, however, concerns only parts of SI on the surface (areas 1 and 2), since 
isolated lesions of the part of SI in the central sulcus (area 3) have not been obtained. 

When comparing the projections from the various subdivisions of the sensori- 
motor cortex (fig. 5) overlap seems most likely to be present between the projections 
from SI and MI leg areas. However, even between these the overlap seems only to 
be partial (fig. 5, sections 3-7) at least in cases with small lesions. 


The Frontal Lobe 


It appears from the cases to be described that apart from area 4 only area 6 in 
the frontal lobe gives off a substantial number of fibres to the pontine nuclei. 
A modest additional projection is found to arisé from area 9 (and 8, see Discussion). 
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OM 59 





|. OM 59 


OM 71 


Fic. 6. The pontine projection from large parts of the premotor region (area 6) is illustrated with OM 59. 
The pons is cut coronally. The degeneration is distributed into a narrow lamella close to the midline and dorsal 
aspect of the brachium pontis, and extends throughout the rostrocaudal length of the pons. In OM 71 (supple- 
mentary motor area), OM 61 (see fig. 9) and OM 56 R the distribution of degeneration corresponded to that in 
OM 59. Below to the left are shown 4 cases with lesions (outline) of prefrontal cortex giving very little pontine 
degeneration (OM 54, area 9) or none (OM 78, 72R and 69R). 








FiG. 5. Two cases with small, bilateral lesions showing the somatotopical pattern within the pontine projection 
from MI (OM 324) and SI (OM 323) The pons 1s cut transversely in both cases The drawings of the right halves 
of the pons have been turned around to facilitate comparisons of the two sides. Note the patchy distribution of 
very dense degeneration in the pons. The motor leg area (OM 324, left side) projects more laterally than the hand 
area medial to the peduncle (sections 5-9) Ventral and lateral to the peduncle the leg area projects more laterally 
as well as more dorsally and caudally than the hand area. The pattern within the SI projection 1s much simpler, 
with the leg area (OM 323, left side) projecting more caudally and a little more dorsally than the hand area. The 
most marked overlap appears to occur between the two pontine leg areas. 
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In OM 59 (survival time thirteen days, fig. 6) the lesion involves most of area 6. 
In the ipsilateral pontine nuclei moderately heavy degeneration (clearly less than 
after motor cortex lesions of corresponding size) is confined to a lamella-shaped 
area close to the midline and ventral aspect of the pontine grey matter. It extends 
through nearly the whole rostrocaudal extent of the pons. At rostral level, it is 
found progressively more laterally, covering a larger area but with less heavy 
degeneration. 

In 3 other cases with smaller lesions confined to different parts of area 6, closely 
similar distributions are found (OM 56, 61 and 71, figs. 6 and 9). Whether a lesion 
is in the medial (OM 71) or lateral part of area 6 (OM 61, fig. 9) appears to make 
no clear-cut difference with regard to the distribution of the degeneration. How- 
ever, the plane of sectioning is somewhat different in these cases, making an exact 
comparison difficult. 

In 4 cases with large lesions of various areas in front of area 6, little or no degenera- 
tion is found (OM 54R, 69R, 72R and 78: survival times eleven, nine, twelve and 
eight days respectively, fig. 6). In OM 72 a lesion of similar size was placed in the 
opposite area 5, in OM 69 a smaller lesion in the opposite occipital lobe. Both gave 
rise to heavy ipsilateral pontine degeneration, while no significant degeneration 
is found ipsilateral to the frontal lesions (see figs. 8 and 9). 

In OM 54 the lesion involves mainly area 9 above the principal sulcus (fig. 6). 
The cortex in the sulcus is not involved, neither is area 8. A small number of 
degenerated fibres, some of them very thin, can be found medially and dorsally 
in the rostral part of the ipsilateral pons. (A very small lesion was made of the post- 
central gyrus of the other hemisphere in this case, giving rise to well delineated 
terminal fields in the ipsilateral pons). 


The Parietal Cortex 


OM 41 (survival time eleven days, fig. 7) serves to illustrate the different distribu- 
tion of the pontine projections from the motor cortex and the parieto-occipital 
region. There is hardly any overlap in this case. 

Lesions restricted to the parts of areas 5 and 7 buried in the intraparietal sulcus 
have not been obtained. The following therefore concerns the parts of these areas 
on the surface. 

In OM 241 (survival time four days, fig. 8) large parts of area 5 on the surface 
are destroyed, including some of the part on the medial aspect of the hemisphere. 
There is only slight involvement of the underlying white matter in the middle of 
the lesion. 

In the ipsilateral pontine nuclei heavy degeneration is found in a lamella-shaped 
area extending from dorsomedially to ventrolaterally. Ventrolaterally the lamella 
is located about half-way between the peduncle and the dorsal aspect of the 
brachium pontis (fig. 8, sections 3-5). Continuity between the dorsomedial and 
ventrolateral parts is evident only at some levels. Therefore, what is described here 
as one lamella may in fact be two largely separate ones. Three other cases with 
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Fic 7. Comparison of the pontine projections from the motor cortex (right) and large parts of the parieto- 
occipital cortex (left). The pons 1s cut at a plane about halfway between transverse and coronal. Note the absence 
of overlap 


lesions restricted to area 5 (OM 72, 228 and 256, fig. 8) give closely similar results 
to those described above. When compared with the distribution of fibres from SI 
there appears to be a tendency for the fibres from area 5 to terminate external to 
those from SI (compare figs. 4, 5 and 8). In addition, the impression is gained that 
area 5 sends relatively more fibres medial to the peduncle than does SI. 

There is some evidence that different parts of area 5 project to somewhat 
different parts of the pontine nuclei. Thus, in OM 256 (survival time four days, 
fig. 8) where the lesion does not involve the part of area 5 on the medial aspect of 
the hemisphere, no degeneration is found caudolaterally (section 2 in fig. 8). In 
OM 241 (fig. 8) and 72, with lesions involving the most medial part of area 5, 
marked degeneration is found in this region. As shown above, the cortical motor 
and somatosensory leg areas project to a pontine region located caudolaterally, 
apparently very close to the region receiving from the most medial part of area 5. 
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Ес. 8. The pontine projection from areas 5 and 7. The pons is cut coronally in all cases OM 256 and 241 show 
that area 5 projects to a lamella or column-like area, more or less bending around the lateral aspect of the peduncle 
(whether ın fact the terminal area represents one continuous group or several separate ones has not been decided) 
Note that only the medialmost part of area 5 (leg representation?) projects laterally in the caudalmost part of the 
pons, where the sensorimotor leg areas project as well (compare with fig. 5). OM 75 serves to illustrate that 
area 7 projects to a thin strip or lamella, ‘external’ to the one projected upon from area 5. 
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This part of area 5 is in turn connected to the somatosensory leg area (Pearson and 
Powell, 1978). 

In OM 75 (survival time nine days, fig. 8) a large lesion of area 7 was made. 
Although some underlying white matter is involved, fibres from surrounding areas 
have most likely not been interrupted. In the ipsilateral pontine nuclei moderate 
amounts of degeneration are distributed within a lamella-like area close to the 
dorsal aspect of the brachium pontis (fig. 8). The lamella appears to bend around 
the dorsolateral aspect of the peduncle, and extends virtually throughout the 
rostrocaudal extent of the pons. It is seen from fig. 8 that the degeneration, although 
altogether making up a lamella-like region, in most sections appears as more or 
less closely spaced patches. е 

In 2 other cases with similar, large lesions of area 7 (OM 257 апа 282, not 
illustrated) the distribution of degeneration is closely similar to that described 
above. 

When compared with the projection from area 5, two differences are immediately 
apparent. First, the projection from area 7 is much weaker than that from area 5. 
It should be stressed that the lesions of area 7 are as large or larger than those of 5, 
and the Fink-Heimer or Wiitanen methods were used on two or more cases in both 
groups. Secondly, the lamella projected upon from area 7 is located *outside' that 
receiving from area 5, giving a resemblance to the layers of an onion. This is 
particularly evident ventrolaterally (see sections 3-7 in fig. 8) but the impression 
is gained that it is true also more dorsally, although the degree of overlap may 
be greater. 


Occipital Cortex 


Although the material is limited, it gives information on the main points. 

In OM 61 (survival time twelve days, fig. 9) there is a large lesion restricted to 
parts of area 17 on the convexity representing the central part of the visual field 
(Talbot and Marshall, 1941). On the same side a much smaller lesion is placed 
within area 6 (described above). In the ipsilateral pontine nuclei moderate to sparse 
degeneration is found in a small area dorsolaterally in the rostral part of the pons 
(marked with a broken circle in fig. 9, sections 6-10). In addition, there is con- 
siderably heavier and more extensive degeneration found medially, typical of the 
area 6 projection (compare with fig. 6). Furthermore, there is heavy degeneration 
in the superficial layers of the ipsilateral superior colliculus, due to the area 17 
lesion. The scarcity of pontine degeneration caused by the area 17 lesion is there- 
fore unlikely to be due to some technical fault. 

In OM 66 (survival time eleven days, fig. 9) there is a large lesion involving parts 
of areas 17, 18 and 19 on the convexity, representing central parts of the visual 
field. In this case very sparse pontine degeneration is found with a lateral distribu- 
tion similar to that in OM 61 (no degeneration is found medially). In the superficial 
layers of the ipsilateral superior colliculus there is heavy degeneration. 
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In OM 69L (survival time nine days, fig. 9) the lesion is situated on the medial 
aspect of the hemisphere, involving mainly Brodmann's area 19, but possibly with 
some minor involvement of area 18. This part of the visual cortex most likely 
represents peripheral parts of the visual field. 





Ес. 9. Three lesions of various parts of the visual cortex are shown to the left. OM 61 illustrates that the 
parts of area 17 representing the central visual field project sparsely on to a rostrolateral region in the pons (circle 
with broken line). The small lesion of area 6 1n the same hemisphere is responsible for the much more marked 
degeneration medially (cf. fig. 6). OM 69L shows the distribution of the heavy degeneration occurring after 
a relatively small lesion of parts of area 19 representing the peripheral visual field (compare with fig. 8). Inset 
illustrates the different planes of sectioning used in OM 61 and 69. 
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In the ipsilateral pontine nuclei heavy degeneration is found mainly rostro- 
laterally, extending as a band or lamella in ventral and caudal directions (fig. 9, 
sections 4-6). The situation of ventral parts of this band is very similar to that seen 
after lesions of areas 5 and 7, but the degree of overlap between these projections 
cannot be decided on the basis of this case alone. There is heavy degeneration 
laterally in the middle rostrocaudal third of the superior colliculus in this case. 
Corresponding to the smaller lesion, the degeneration in the colliculus is less 
extensively distributed in OM 69 than in OM 61 and 66. 

The above cases show that there is a sparse pontine projection from central 
parts of areas 17, 18 and 19 terminating rostrolaterally only. Peripheral parts 
of 19 in addition project heavily on to parts of the pons which apparently also 
receive from areas 5 and 7. 


The Temporal Lobe 


The projection from the temporal lobe is found to be scanty, and arising mainly 
or only in the superior temporal gyrus. 

In OM 56L (survival time nine days, fig. 10) there is a large lesion involving parts 
of the superior and middle temporal gyri (a much smaller lesion is located in area 6 
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FiG. 10. The termination of corticopontine fibres from the temporal cortex illustrated by OM 56. Only very 
sparse degeneration is observed somewhat above middle rostrocaudal levels in the dorsolateral part of the pons 
(coronal sections). Below to the left are illustrated lesions (outlined) giving very sparse or no degeneration in the 
same region. 
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of the other hemisphere, fig. 6). In the ipsilateral pontine nuclei a small locus of 
degeneration is found dorsolaterally somewhat above the middle half of the pons. 

(In the pontine nuclei on the other side, much more degeneration is found with 
a typical area 6 distribution). 

In OM 67 (fig. 10) with a small lesion of the caudal part of the superior temporal 
gyrus, a small locus of moderate degeneration is found in one section only, dorso- 
laterally, somewhat below the middle half of the pons. Even less degeneration in 
the same region is found in OM 74 (fig. 10) with a very small lesion of the superior 
bank of the superior temporal gyrus (probably involving the auditory cortex). In 
4 other cases with large lesions of various parts of the temporal lobe, no significant 
` degeneration was found in the pontine nuclei (OM 65, 68, 79 and 80, fig. 10). 


Cingular Gyrus 

Only one brain is available with a lesion restricted to the cingular gyrus. In 
OM 60 (survival time thirteen days, not illustrated) large parts of the cingular 
gyrus overlying the rostral two-thirds of the corpus callosum have been damaged. 
Only a few degenerated fibres are found scattered in the ventrolateral part of the 
ipsilateral pontine nuclei in or close to the region receiving from the motor cortex. 
Thus, this experiment indicates that the anterior two-thirds or so of the cingular 
gyrus sends only a very few fibres to the pontine nuclei. 


DISCUSSION 


This study presents evidence of a precise and intricate pattern of organization 
within the corticopontine projection of the monkey. Furthermore, the relative 
quantities of projections from the main cortical regions have been elucidated. 
Before discussing these results in some detail, a few comments on their validity 
are appropriate. 

~ When it is said that certain cortical regions project to different parts of the 
pontine nuclei, this is always based on similar findings having been made in several 
experiments. Furthermore, the use of bilateral lesions strengthens the conclusions 
concerning topographical differences (see, for example, figs. 5 and 7). In the 
corticopontine (P. Brodal, 1968a, b; 19715; 1972a, b, с) and pontocerebellar pro- 
jections of the cat (Brodal and Walberg, 1977) certain differences were disclosed 
only after use of bilateral lesions or injections, which served to minimize problems 
such as individual variations, differences in planes of sectioning, and differences in 
quality of staining. 

With regard to quantitative differences, only very large ones have been regarded 
as significant, and the conclusions drawn concern relative quantities more than 
the question of a projection versus no projection from an area. Only cases with 
similar sized lesions, or with the largest lesion in the sparsely projecting area, were 
used for this purpose. In several cases one lesion was placed in each hemisphere; 
one in a region giving off many fibres, the other in a sparsely projecting part. This 
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largely eliminates random variations due to differences in survival time, stainability 
of fibres or other technical differences which may occur in different brains. In 
addition, with lesions of the visual cortex, the intensity of degeneration in the 
superior colliculus served as a useful check of the effective size of the lesion and the 
technical standard of the sections. However, special problems in interpretation 
may arise when the projection fibres are very thin, as are those from the prefrontal 
cortex. Even if the survival times used here should be sufficient for degeneration 
of thin fibres (De Vito and Smith, 1964; Kuypers and Lawrence, 1967), the 
recognition of their terminal fields may be difficult; nevertheless it seems unlikely 
that any major amount of terminal degeneration has been missed. 


Origin of Corticopontine Fibres 

The cortical regions giving origin to the densest and most extensive pontine 
projections are found to be areas 4, 3, 1, 2 and 5, and in addition, certain parts 
of the visual cortex (fig. 11B). This is largely in agreement with Nyby and Jansen's 
(1951) findings with the Marchi method in the rhesus monkey. Although not 
explicitly stated, the same main areas of origin appear to have been found by 
Kuypers and Lawrence (1967) in their study with silver impregnation methods. 
With the exception of the visual cortex, these same areas (4, 3, 1, 2 and 5) give 
origin to the majority of corticospinal fibres in the monkey (Kuypers, 1960; 
Russel and De Myer, 1961; Coulter, Ewing and Carter, 1976) and are also the 
main areas of origin of corticostriatal fibres (Kemp and Powell, 1970). 

A somewhat less heavy contribution to the corticopontine projection comes 
from the areas in front of and behind this central region; that is, from areas 6 and 7. 
Of these two areas, probably area 6 contributes most. When moving further into 
frontal and temporal association areas, as well as the cingular gyrus, progressively 
fewer fibres appear to be sent to the pontine nuclei. 


Only a case with a lesion of the anterior two-thirds of the cingular gyrus was studied. In the cat there 
1s evidence for a pontine projection from its posterior part (Brodal, 19725). Müller-Preuss and Jürgens 
(1976) found autoradiographically a pontine projection from the vocalization area in the anterior part 
of the cingular gyrus of squirrel monkeys. Nothing is said about the quantity of projection and the 
distribution appears very similar to that found here after area 6 lesions. Some involvement of area 6 
may therefore theoretically account for their findings; another possibility is of course that the greater 
sensitivity of the autoradiographic method reveals a projection too small to be found by the Nauta 
method. 


Powell (1973, p. 273) stated on the basis of anatomical studies of cortico-cortical 
connections that “When connections cease going into areas 4 and 6 from both 
frontal and from parietotemporal lobes they begin to go into limbic regions', the 
latter being related to visceral and emotional spheres more than somatic. The 
cerebellum is obviously concerned mainly with somatic functions, and the origin 
of the bulk of corticopontine fibres is in keeping with the role of the cerebro- 
cerebellar relations in motor control. The motor and somatosensory regions need 
no further comment in this respect. Area 6 has a major outflow to area 4 and is 
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certainly of importance in movement control, although its role is not yet worked 
out in detail. Whether area 6 has a spinal projection has been a matter óf dispute 
(cf. Russel and De Myer, 1961; Kuypers, 1960; Wiesendanger, Séguin and K ünzle, 
1974). However, Jones and Wise (1977) found labelled cells in area 6 of the monkey 
after horseradish peroxidase injections in the spinal cord. Area 5 contains many 
cells apparently functioning in command roles with regard to certain movements, 
such as when a monkey *. . . projects his arm or manipulates with his hand within 
the immediate extrapersonal space to obtain an object he desires. . . .” (Mount- 
castle, Lynch, Georgopoulos, Sakata and Acuna, 1975, p. 905; see also Lynch, 
Mountcastle, Talbot and Yin, 1977). Since these cells are active in advance of the 
movement, it is conceivably of importance that the cerebellum gets a 'copy' of 
their messages in order to contribute to, for example, the smoothness of the move- 
ment (see Ito, 1970; Allen and Tsukahara, 1974). However, it should be empha- 
sized that other types of cells are found in areas 5 and 7 as well (Mountcastle 
et al. 1975; Lynch et al. 1977) and one does not know the properties of the cells 
projecting to the pons from areas 5 and 7. 

Recently, some interesting data have been presented with regard to the origin 
of corticopontine fibres from the sensorimotor cortex. Jones and Wise (1977) 
injected small amounts of horseradish peroxidase in parts of the pontine nuclei 
in monkeys and found labelled cells of medium to large size in middle parts of 
lamina V in areas 4, 3, 1 and 2. Furthermore, after a single pontine injection, 
labelled cells in the cortex tended to be distributed in several narrow (0:5-1 mm) 
bands extending mediolaterally. Their relation to the pontine patches and lamellae- 
like regions of terminal degeneration remains to be elucidated; a simple arrange- 
ment of one cortical band projecting to one pontine lamella seems unlikely in view 
of the large number of cortical bands labelled even after a very restricted pontine 
injection. 

The present conclusion that few corticopontine fibres emanate from areas in 
front of area 6 needs some comment. First, no case with a lesion involving area 8 
was available. However, Astruc (1971) and Kuypers and Lawrence (1967) found 
a pontine projection which was said to be "light and scattered' (Astruc, 1971) from 
area 8 in rhesus monkey with the Nauta method. Künzle and Akert (1977) after 
injections of radioactively-labelled proline in area 8 found *moderate to dense 
grain accumulations' in the pontine nuclei, but at present it is hard to compare 
these findings in quantitative terms with those obtained by degeneration methods. 
The present finding of a sparse corticopontine projection from areas in front of 
area 8 ('prefrontal cortex"), arising mainly in area 9, seems to agree with previous 
studies in monkey using degeneration methods (see Nyby and Jansen, 1951 for 
references to the older literature). Kuypers and Lawrence (1967) found 'only 
a limited number of fibres to the brain-stem' after lesions comprising presumably 
areas 9 and 10, and the fibres were said to be fewer than after lesions of area 8. 
A pontine projection from area 9 was described in another degeneration study 
(De Vito and Smith, 1964) and also mentioned in an autoradiographic investigation 
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(Goldman and.Nauta, 1976) but nothing was said with regard to quantity. In 
a careful study of a large number of leucotomized human brains, Beck (1950) found 

‚ definite gliosis and cell shrinkage in restricted parts of the pontine nuclei in cases 
with lesions limited to prefrontal areas. However, no changes were found when 
lesions were restricted to the frontal pole and the orbital cortex, in agreement with 
the present findings. It seems therefore justified to conclude on the basis of the 
present and previous studies in primates that area 8 probably has a more modest 
pontine projection than area 6, and that even fewer fibres emanate from area 9. 
There is no good evidence for projections from other prefrontal areas. 


In the cat there is a modest projection from the orbital gyrus (probably corresponding to parts of the 
Orbital cortex in primates) to areas in the pons partly coinciding with those receiving from SI and SII 
(see Brodal, 19718). 


The origin of corticopontine fibres from the occipital lobe (visual cortex) has 
been a matter of dispute (see Nyby and Jansen, 1951; P. Brodal, 1972a, b). In the 
cat, parts of area 17, 18 and 19 representing peripheral parts of the visual field 
have strong pontine projections, while central parts (most conclusively shown for 
area 17) project sparsely (P. Brodal, 1972a, b). This bas recently been shown also 
by physiological methods (Albus and Donate-Oliver, 1977). The present material 
alone can only give partial answers to which parts of the monkey visual cortex 
project to the pons, but taken together with previous results, certain disagreements 
in the literature seem to be more apparent than real. Thus, several authors finding 
only a modest pontine projection from the visual cortex in the monkey (Mettler, 
1935; Sunderland, 1940; Kuypers and Lawrence, 1967; Spatz et al. 1970) had 
lesions restricted to the cortex on the convexity representing the central 4-10? of 
the visual field (Talbot and Marshall, 1941). Nyby and Jansen (1951) found heavy 
pontine degeneration only after a lesion involving parts of areas 17 and 18 situated 
on the medial wall of the hemisphere, representing peripheral parts of the visual 
field. The present study gives evidence of a heavy projection from parts of area 19 
on the medial wall as well (fig. 9). Two lesions on the convexity, involving parts of 
areas 17, 18 and 19 gave modest and more restricted degeneration (fig. 9). Taken 
together, this makes it fairly certain that peripheral parts of areas 18 and 19 have 
a heavy pontine projection while central parts of 17, 18 and 19 project sparsely. 
It remains to be decided whether peripheral parts of area 17 in the monkey send 
more fibres than central parts, as is the case in the cat. Nevertheless, at the present 
stage there is reason to assume that, with regard to origin, occipitopontine pro- 
jections are principally similar in monkey and cat. 

The pontine projection from the temporal lobe is found here to be sparse and to 
arise primarily from the superior temporal gyrus. This is in agreement with the 
conclusions of Nyby and Jansen (1951) using the Marchi method, and Whitlock 
and Nauta (1956) with the Nauta method. On the basis of human pathological 
material several authors have concluded that the massive temporopeduncular 
bundle of Türck terminates in the pontine nuclei (see Nyby and Jansen (1951) for 
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references). However, Whitlock and Nauta (1956) state that in the monkey ‘. . . the 
bulk of Türck's temporopeduncular bundle appeared to distribute diffusely dorsal- 
ward to lateral tegmental areas rather than to the pons'. It would seem likely that 
this is the case also in man. 

In the cat, the modest projection from the temporal lobe homologue arises 
mainly in the second auditory area (A II) with a smaller contribution from A I 
(P. Brodal, 1972c). Whether this is the case also in primates cannot be answered 
from the present or previous studies, due to the technical difficulties involved in 
damaging large enough parts of the auditory cortex in isolation. Typically, the 
single lesion of the present material involving the auditory cortex was too small to 
allow conclusions with regard to quantity of projection (OM 74, fig. 10). 


Termination of Corticopontine Fibres 


It is a striking feature of the monkey's corticopontine projection that the fibres 
terminate within sharply circumscribed regions, taking the form of rostrocaudally 
orientated slabs or lamellz. 


In the cat, the correspondingly arranged pontine terminal areas have been termed columns (P. Brodal, 
1968a, b). Obviously, the complexity of the terminal regions makes an accurate description difficult. 
The terms chosen are therefore to some degree arbitrary and can only give a crude impression of the 
actual three-dimensional shape of the terminal areas. In order to avoid associations with the concept 
of columns as used in the cerebral cortex, this term has not been used here. 


The sharp localization of the degeneration was first observed by Nyby and Jansen 
(1951) in the monkey and subsequently the pattern was worked out in more detail 
‘in the cat by the present author. Furthermore, in the monkey as well as in the cat, 
each cortical area often projects on to apparently separate pontine cell groups. 
When observed in a single section, the degeneration is usually found in several 
small patches. In order to decide whether these are continuous with similar patches 
in the adjoining sections, the plane of sectioning is critical, and different planes have 
to be employed systematically. This has been done to a large extent in the cat 
showing that the terminal areas as a rule constitute continuous regions (see Brodal, 
1968a, 1972a). However, this seems to be so only when the lesions are large, com- 
prising, for example, most of the motor or sensory cortex (see figs. 3 and 4). 
Following small lesions, the degeneration regularly occurs as numerous small 
patches or fragments of a lamella (see figs. 2 and 5). In some cases with small 
differently placed bilateral lesions of the sensorimotor cortex, patches on the two 
sides are often found to be situated almost, but not quite, symmetrically (as judged 
from superimposing the findings from one side on to the other). Interestingly, 
a somewhat similar pattern of divergence has been described in the cerebellar 
corticonuclear connections (Brodal and Courville, 1973; Courville, Diakiw and 
Brodal, 1973) and the projection from the ventrolateral thalamic nucleus (VL) 
to the motor cortex (Asanuma, Fernandez, Scheibel and Scheibel, 1974; Rispal- 
Padel and Grangetto, 1977; Strick, 1976). 
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Fic 11 Schematic summary of the main findings of the present study. a, termination of corticopontine fibres 
from various cortical regions as appearing 1n three transverse sections, Note the tendency for termination 1n 
concentric lamella. B, approximate relative density of corticopontine fibres arising ın various regions of the 
cortex. C, a simplified representation of the somatotopical pattern within the pontine projections from the motor 
cortex (triangles and horizontal lines) and the sensory cortex (squares and oblique lines). 


Although the present material allows no final conclusions as to the ultimate 
precision of the corticopontine projection, certain topographical differences are 
very clearcut. Before discussing these, it should be emphasized that the sites of 
termination of fibres from various regions as found here agree on the whole with 
the findings of Nyby and Jansen (1951), and with less systematic observations in 
other primate studies (Whitlock and Nauta, 1956; Kuypers, 1958, 1960; De Vito 
and Smith, 1964; Kuypers and Lawrence, 1967; Campos-Ortega et al. 1970; 
Spatz et al. 1970). The present study, however, provides a more detailed and com- 
prehensive scheme than previously available. 

The overall arrangement of terminal fields of fibres from various cortical regions 
resembles to some degree the layers of an onion; fibres from the sensorimotor 
region terminate in a central core while fibres from surrounding areas are added 
externally (fig. 11А). Area 6 projects to the medial and ventral part of an external 
‘layer’ while areas 5 and 7 project to its lateral and dorsal parts. The visual cortex 
projects to a ‘layer’ further laterally (fig. 11А). 


Area 9 projects dorsally in rostromedial parts of the pontine nuclei (De Vito and Smith, 1964; present 
study), probably overlapping the area 6 projection. Area 8 appears from degeneration studies to project 
on to virtually the same region as area 9 (Kuypers and Lawrence, 1967; Astruc, 1971). However, Кёпле 
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and Akert (1977) after tritium-labelled proline injections of area 8 in monkey found rather widespread 
labelling in the pontine nuclei, notably in the dorsolateral nucleus. Since the superior colliculus receives 
a projection from area 8, and projects on to the dorsolateral pontine nucleus (Kawamura and Brodal, 
1973; and others), the labelling in the dorsolateral nucleus described by Kiinzle and Akert may possibly 
be due to transynaptic transport which 1s known to occur in the visual pathways to the pons (see Casa- 

grande and Harting, 1975). Further study is needed to clarify this point. 


From a functional point of view the important question is to what degree 
impulses from different cortical areas converge on to single pontine cells. The 
overall arrangement as outlined above indicates that each cortical area or region 
projects to an at least partly separate part of the pontine nuclei. Fig. 7 gives a 
striking example of the difference between the projection from the motor cortex 
and large parts of the parieto-occipital cortex, as revealed by bilateral lesions; 
there is hardly any overlap at all in this case. Areas 4 and 6 are further examples 
of cortical areas projecting to adjacent regions apparently with very little overlap 
(compare figs. 4 and 6, see also fig. 11A). Only limited overlap is found between 
projection areas of MI and SI (fig. 4), and most of the overlap appears to concern 
the representation of the leg (fig. 5). Since the most skilled and diversified move- 
ments are carried out by the upper extremities, it seems conceivable that the 
cerebellum needs more precise information from areas related to these than from 
those related to the lower extremities. Although it appears likely that a larger part 
of the pontine nuclei is related to the cortical hand-area than to the foot-area (see 
fig. 5), the material is not suited to answer this question decisively. Interestingly, 
there is a much clearer separation between pontine ‘motor’ and ‘sensory’ pro- 
jection areas in the monkey than in the cat (fig. 12). This may reflect the clearer 
functional separation between motor and somatosensory cortices in the monkey 
than in the cat. There is suggestive evidence of further differences between sub- _ 
divisions of SI with regard to pontine projections, in so far as only lesions involving 
anterior parts of SI (area 3) gave rise to significant degeneration medial to the 
peduncle. This difference is unlikely to be due to inadvertent damage of area 4 
since the degeneration medially is located somewhat differently after area 4 lesions. 
A similar difference is reported by Jones and Wise (1977) using selective injections 
of tritiated amino acids in cytoarchitectonic subdivisions of SI. Coulter and Jones 
(1977) reported somewhat different sites of termination in the spinal cord dorsal 
horn of fibres from areas 3, 1 and 2 respectively. 

Although there may be extensive overlap between the projections from SI and 
area 5, certain cells would be expected to be influenced only from one or other 
area since area 5 projects at least partly ‘external’ to SI (figs. 4, 8 and 11A). The same 
considerations apply to the projections from areas 5 and 7 where overlap would 
be expected to occur mainly dorsally (figs. 8 and 11a). Also in the cat areas 5 and 7 
appear to project to partly different regions in the pontine nuclei (Mizuno et al. 
1973). 

There is probably extensive overlap between the pontine projections from 
areas 5 and 7 on the one hand, and the visual cortex on the other, but this seems to 
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concern particularly the projection from area 19 since area 17 projects only to 
a restricted region laterally (compare figs. 8 and 9). Also in the cat, area 17 (and 18) 
project to more restricted parts of the pontine nuclei than area 19, the latter over- 
lapping with areas 5 and 7 (P. Brodal, 19725). Parts of area 17 (and probably 
area 18) representing different parts of the visual field project differently in the cat 
(P. Brodal, 1972a, b); whether a corresponding localization exists in the monkey 
cannot be decided from the present material. 

The patchy character and irregular course of the pontine terminal areas make 
exact comparison between different cases extremely difficult. Thus, when it was 
said above that projections from cortical regions overlap in the pons, this may be 
less than is apparent. Although further anatomical studies with small bilateral 
lesions or combination of degeneration and autoradiographic techniques may 
help to clarify such points, physiological studies are needed to determine the degree 
of convergence at the cellular level. So far this has been done only in the cat (Oka, 
Sasaki, Matsuda, Yasuda and Mizuno, 1975; Rüegg and Wiesendanger, 1975; 
Baker, Gibson, Glickstein and Stein, 1976), and lack of documentation of the 
exact location of the cells investigated sometimes hampers a correlation with the 
anatomical data. On the whole, however, the physiological findings point to only 
a limited convergence from different cortical areas on to single pontine cells, in 
agreement with the anatomical data in cat and monkey. 

On the other hand some electrophysiological studies may give the impression 
of a diffuse pattern within the cerebrocerebellar pathways since stimulation of one 
part of the cerebral cortex tends to give evoked potentials in wide parts of the cere- 
bellum (Dow, 1942; Snider and Eldred, 1952; Sasaki, Oka, Kawaguchi, Jinnai and 
Yasuda, 1977). However, the rather precise and complicated organization of the 
corticopontine projection in cat and monkey, and of the pontocerebellar projection 
in the cat (Hoddevik, 1975; Hoddevik et al. 1977; Brodal and Walberg, 1977) 
appears not readily compatible with a diffuse spread of connections to various 
parts of the cerebellum. It seems more likely that although the extensive con- 
vergence and divergence within the corticopontine and pontocerebellar projections 
make possible transmission from one part of the cerebral cortex to wide areas in 
the cerebellum, the projections would not be diffusely distributed but rather focused 
on numerous discrete areas. This seems also more compatible with the relatively 
specific properties of pontine cells mentioned above and of Purkinje cells (pre- 
sumably influenced from the cortex) when tested in relation to active movements 
(Harvey, Porter and Rawson, 1977). Another factor which may contribute to the 
impression of diffuseness of cerebrocerebellar interconnections is that, although 
quantitatively most important, the pontine nuclei are not the only relays for 
impulses travelling from the cerebral cortex to the cerebellum. In addition, the 
lateralreticular nucleus, the paramedian reticular nucleus and the nucleus reticularis 
tegmenti pontis all receive relatively diffuse projections from the cerebral cortex 
and send mossy fibres to various parts of the cerebellum (see A. Brodal, 1972; 
Allen and Tsukahara, 1974). 
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Somatotopical Patterns within the Monkey Corticopontine Projection 


By use of small, bilateral lesions, a clear somatotopical pattern was demonstrated 
in the pontine projections from MI and SI (see figs. 5 and 11c). In fig. 11c the main 
features are summarized diagrammatically. The pattern within the projection 
from SI seems relatively simple, with the leg represented mainly more caudally 
(and dorsally) in the pons than the arm. A very similar organization has been 
described in the cat (P. Brodal, 1968a) and rat (Wise and Jones, 1977). 

The somatotopical pattern within the motor cortex projection is more compli- 
cated than that within the SI projection. Medially, the fibres from the MI leg area 
terminate in a lamella mainly lateral to the one projected upon from the hand area. 
Laterally, the leg is mainly represented more laterally and dorsally than the hand, 
but as with SI the strongest leg projection is found far caudally, in fact extending 
further caudally than the.SI leg projection (see fig. 5). Except for minor differences 
this somatotopical pattern is very similar to that in the cat (P. Brodal, 1968a), 
although the separation of termination into two distinct pontine areas is less clear 
in the monkey than in the cat. 

There is some evidence from the present material of a somatotopical pattern 
within the pontine projection from area 5 (fig. 8) similar to that within the pro- 
jection from SI. This would fit the observation of Sasaki et al. (1977) that stimula- 
tion of medial parts of area 5 tends to evoke potentials in rostral parts of the 
anterior lobe (leg representation) while more caudal parts are activated from lateral 
parts of area 5. 

There is suggestive evidence that after small lesions, in some places in the pons 
where the projections from cortical hand and leg areas terminate close together 
in patches, they do not actually overlap (see fig. 5). This bears some resemblance 
to the mosaic-like input to some Purkinje cells as described by Eccles and co- 
workers (Eccles, Sabah, Schmidt and Tabofikova, 1972). Thus, closely adjacent 
Purkinje cells were often found to have widely different peripheral inputs (for 
example, arm versus leg). 


Comparison of Corticopontine Projection in Cat and Monkey 


As has been discussed above, the general principles of organization are very 
similar in the corticopontine projections of cats and monkeys, for example, 
termination within slabs or lamelle and the somatotopical patterns. Certain 
differences are evident, however, when comparing the main sites of termination 
of fibres from certain cortical regions as emerging from the present study and from 
previous studies in the cat (P. Brodal, 1968a, 1972a, b; Mizuno et al. 1973). 'This 
concerns least the sensorimotor cortex which in both animals projects largely to a 
central region around the peduncle. Fig. 12 gives a schematic representation of the 
main points of difference. When comparing projections from area 6 (P. Brodal, un- 
published observations in the cat), the parietal association areas (5 and 7), and the 
visual cortex in the two species, the differences are very marked. On the whole, 
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Fic. 12. Schematic representation of some of the main differences between cat and monkey corticopontine 
projections, based on the present study and previous findings in the cat (P. Brodal, 1968a, 1972a, b; Mizuno 
et al. 1973). The projections from all cortical regions are shown as terminating in a transverse section at the same 
rostrocaudal level 


in the cat these areas project medially as well as laterally, while in the monkey area 6 
projects only medially, and areas 5 and 7 and the visual cortex project only laterally. 
These differences make it difficult to correlate the corticopontine projection areas 
in monkey with data on the pontocerebellar projection in the cat in order to 
determine the part of the cerebellum connected to a particular part of the cerebral 
cortex. Although lack of knowledge of the organization of the monkey's ponto- 
cerebellar projection makes it difficult to decide, on anatomical evidence, whether 
the differences between the corticopontine projections in cat and monkey reflect 
differences in cerebrocerebellar organization, physiological studies indicate that 
there are indeed such differences (see Sasaki et al. 1977). Thus, premotor and 
parietal association areas show clear differences in their pontine projections in 
cat and monkey, and when stimulated they give evoked potentials in somewhat 
different parts of the cerebellum in the two species. There are also certain topo- 
graphical differences between cerebello-cerebral connections in cat and monkey 
(Sasaki, Kawaguchi, Oka, Sakai and Mizuno, 1976). Such differences in con- 
nectivity may mean that the tasks of certain parts of the cerebellum are not identical 
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in cat and monkey, or, alternatively, that different groups of neurons are used to 
accomplish the same tasks in the two species. 

The corticopontine projection has been studied in a number of lower mammals, 
but most of the studies are not sufficiently detailed to permit a final comparison 
with the findings in cat and monkey. However, the overall pattern of termination 
in the rabbit (Abdel-K ader, 1968; Giolli and Guthrie, 1971) seems to be more like 
that in the cat, while in the armadillo (Harting and Martin, 1970), the opossum 
(Martin and King, 1968) and the tree shrew (Shriver and Noback, 1967) it appears 
to be more like that in the monkey. Further comparative studies may contribute 
to our understanding of the evolution of the cerebrocerebellar connections and the 
functional significance of the pontine nuclei and parts of the cerebellum. 


SUMMARY 


The corticopontine projection in the monkey has been studied by axonal 
degeneration techniques. 


1. Quantitatively the most important ciniibutons arise in the premotor region 
(area 6), the motor cortex (area 4, MI), somatic sensory cortex (areas 3, 1 and 2, ST), 
area 5 and parts of the visual cortex representing the peripheral visual field. Among 
these, MI appears to contribute most, while SI, area 5 and visual cortex probably 
send more fibres than area 6. A less heavy projection arises in area 7. Only relatively 
few fibres appear to emanate from parts of the visual cortex representing the central 
visual field, the prefrontal areas and the temporal lobe. 


2. The corticopontine fibres terminate characteristically in n sharply delimited 
slabs or lamella-like regions, extending as a rule rostrocaudally. Following large 
cortical lesions, the lamelle appear to be more or less filled with terminal degenera- 
tion, while small lesions tend to produce numerous small patches. The density of 
degeneration within such patches does not increase substantially with increasing 
size of the lesions. 


3. The various cortical regions project to a large extent on to separate parts of 
the pontine nuclei although considerable overlap may take place between some 
projection areas. The overall arrangement of terminal areas resembles somewhat 
the layers of an onion. MI and SI project in a central ‘core’, with fibres from MI 
distributed largely medial to those from SI. Area 6 projects to a thin lamella close 
to the midline and ventral aspect of the pons adjacent to the MI projection area. 
Area 5 appears to project lateral to SI, but probably with extensive overlap. Area 7 
sends fibres to a thin sheet ventrolateral to area 5. Parts of the visual cortex repre- 
senting central parts of the visual field supply a relatively small region rostro- 
laterally, while parts representing the peripheral visual field (shown in this study 
only for area 19) project on to a similarly situated area and in addition to regions 
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apparently supplied also from areas 5 and (probably) 7. The temporal cortex sends 
fibres to a small region dorsolaterally. 


4. The projections from MI, SI and probably area 5, are somatotopically 
organized. 


5. The organization of the corticopontine projection in the monkey is compared 
to that in the cat, as known from previous studies. The termination of fibres, often 
in several sharply delimited regions, is found in both species. The projections from 
the sensorimotor cortex terminate in roughly the same region in both, and the 
somatotopical patterns are similar. The projection areas of fibres from premotor, 
parietal and occipital areas, however, are very differently situated. This probably 
reflects differences in organization of cerebrocerebellar interconnections which 
presumably are of consequence for the use of the cerebellum in cat and monkey. 
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Amsterdam, and the Department of Anatomy, Erasmus University, Rotterdam, The Netherlands) 


INTRODUCTION 


REFLEX blinking evoked by a tap on one side of the forehead was first described 
by Overend in 1896, and the electromyographic investigation of this reflex was first 
undertaken by Kugelberg in 1952. The substitution of supra-maximal electrical 
stimulation of the supra-orbital nerve for the mechanical tap led to standardization 
of the technique. 

The clinical value of registration of the blink reflex is known from several reports 
(Rushworth, 1962; Kimura, 1973; Ongerboer de Visser and Goor, 1974; Goor 
and Ongerboer de Visser, 1976). The reflex movements evoked in the orbicularis 
oculi muscles by electrical stimulation of the supra-orbital nerve have two com- 
ponents: an early oligosynaptic ipsilateral response and a late polysynaptic ` 
bilateral response. The common afferent limb of this reflex is formed by the sensory 
root of the trigeminal nerve, the facial nerve is the efferent limb. There are indica- 
tions that the early blink response is conducted through the pons and relayed via 
neurons at the level of the principal sensory nucleus of the fifth nerve (Tokunaga, 
Oka, Murao, Yokoi, Okumara, Hirata, Miyashita and Yoshitatsu, 1958; Namerow, 
1970; Kimura, 1975). From findings in patients who have undergone a tractotomy 
of the fifth nerve (Sjóquist operation, Kugelberg, 1952) and in patients with 
Wallenberg's lateral medullary syndrome (Kimura and Lyon, 1972) with involve- 
ment of the spinal trigeminal tract and its nucleus, it may be concluded that the 
fibres of the first-order neurons which are responsible for the late component of 
the reflex terminate in the area of the ipsilateral spinal trigeminal nucleus. How- 
ever, adequate data concerning connections from this nucleus to the ipsilateral 
and contralateral facial nuclei in man are not yet available. 
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The present communication reports effects of lateral medullary vascular lesions 
on the late component of the blink reflex. 

The late bilateral component of the blink reflex is important for the differentia- 
tion between lesions of the fifth cranial nerve or the spinal trigeminal tract and 
those of the seventh cranial nerve (Kimura and Lyon, 1972; Goor and Ongerboer 
de Visser, 1976). Thus, a bilateral delay in the late component of the reflex or its 
absence (afferent delay or block) following stimulation of the supra-orbital nerve 
on the affected side suggests a lesion of the trigeminal nerve or spinal trigeminal 
tract. On the other hand, a unilateral delay or absence of the late reflex (efferent 
delay or block) on the affected side after stimulation of the supra-orbital nerve on 
either side suggests a facial nerve lesion. 


METHODS 


The technique used to record the blink reflex and its components is described elsewhere (Kimura, 
Powers and van Allen, 1969; Ongerboer de Visser and Goor, 1974). Reflex responses in the orbicularis 
oculi muscles were recorded by coaxial needle electrodes. A difference in latency between the right and 
left sides exceeding 1-5 ms for the early reflex and 8-0 ms for the late reflex was considered abnormal 
(Ongerboer de Visser and Goor, 1974). 

In the present study the blink reflex was investigated in 13 noncomatose patients ranging in age from 
45 to 79 years, who showed clinical signs and symptoms of the Wallenberg syndrome (Currier, Giles 
and De Jong, 1961; Fisher, Karnes and Kubik, 1961). Of these 13 patients, 4 (Group 1) had the typical 
syndrome consisting of loss of pain and temperature sensation on the ipsilateral half of the face and 
on the contralateral trunk and limbs, ipsilateral hemiataxia, ipsilateral Horner's syndrome, and nystag- 
mus. These patients had the most severe degree of vertigo, nausea, vomiting, dysphonia, dysphagia, 
1mbalance, and hiccups. Two of them also complained of pain in the face and body. One of these 4 
patients had a tumour (ependymoma) situated 1n the left cerebellopontine angle, combined with an 
ischsemic lesion in the lateral part of the medulla oblongata. One month after the development of the 
Wallenberg syndrome the patient developed encephalomalacia on the left side, due to occlusion of the 
middle cerebral artery, and died three months later of bronchopneumonia. 

In 6 (Group 2) of the 13 patients, dysphonia, dysphagia, nausea and vomiting were less severe than 
in Group 1. However, Horner's syndrome, the cerebellar signs, nystagmus, and loss of pain sensation 
in the face and the contralateral trunk were present. In the remaining 3 (Group 3) of the 13 patients, 
vertigo, nausea and vomiting lasted only one day. In 2 of them pain sensation was slightly diminished 
in the ipsilateral half of the face and the contralateral side of the trunk. The third patient showed no 
sensory disturbances on the trunk and the cerebellar signs were minimal, but Horner's syndrome was 
present ipsilaterally. 

All the patients were examined electrophysiologically within the first week after the onset of the 
symptoms. An autopsy was performed in 3 cases. The findings verified the clinical diagnosis, and an 
infarct was found in the dorsolateral region of the medulla oblongata. The ischemic lesion of the patient 
with the cerebello-pontine tumour was investigated in detail. 


RESULTS 


The latencies of the early components of the blink reflex fell within the normal 
range in all 13 cases. This was taken to indicate that the first branch of the fifth 
cranial nerve and the second branch of the seventh cranial nerve were intact and 
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the pontine trigeminal-facial reflex arc was functioning normally (Namerow, 
1970; Kimura, 1975; Goor and Ongerboer de Visser, 1976). 

The latencies of the late component were normal in only 2 patients, both of whom 
showed a slight facial hypalgesia. In the remaining 11 cases late reflexes were 
abnormal. In these 11 cases three different types of abnormality were found. The 
first type (A), which was present in 3 cases, consisted of a bilateral delay in the 
late response (fig. 1), ranging between 10 and 16 ms. The second type (B) was seen 
in 5 cases and consisted of a bilateral absence of the late response (fig. 2) upon 
stimulation of the supra-orbital nerve on the side of the lesion. Stimulation of the 
supra-orbital nerve on the unaffected side in both sets of patients produced a 
normal response in the orbicularis oculi muscle on both sides. The third type (C) 
(fig. 3) was found in 3 cases. In these cases stimulation of the nerve on the affected 
side failed to elicit a bilateral late reflex response and stimulation of the nerve on 
the unaffected side only elicited a late response on that side but not on the affected 
side. 





Fic 1. Example of the Type A abnormality of the late blink reflex. In this case the lesion is on the left side. 
Upper pair of traces, normal blink reflex after stimulation of the right supra-orbital nerve. Lower pair of traces, 
afferent delay of the late blink reflex after stimulation of the left supra-orbital nerve ipsilateral to the lesion. 


The 3 patients with the Type C abnormality belonged to Group 1 with the most 
severe symptoms. In one of these cases the lesion was investigated in detail. In this 
patient, who had a tumour in the left cerebellopontine angle, a lateral medullary 
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Fic. 2. Example of the Type B abnormahty of the late blink reflex. In this case the lesion 1s on the left side. 
Upper pair of traces, normal blink reflex after stimulation of the right supra-orbital nerve Lower pair of traces, 
afferent block of the late blink reflex after stimulation of the left supra-orbital nerve ipsilateral to the lesion. 





Fig. 3. Example of the Type C abnormality of the late blink reflex. Upper pair of traces, normal late response 
on the right (the intact side) and an absence of the late response on the left (the side of the lesion) after stimulation 
of the right supra-orbital nerve. Lower pair of traces, afferent block of the late blink reflex after stimulation of the 
left supra-orbital nerve ipsilateral to the lesion. 
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FiG. 4. Cross-section through the medulla oblongata showing the unilateral infarction in the lateral pat 
the medulla oblongata in our Type C case. Note that the infarction involves mainly the spinal fifth nerve complex 
its tract, and the lateral reticular formation. (Mallory «3; by courtesy of Dr. G. Th. A. M. Bots, Universit 
Hospital, Leiden). 


infarct was found on the same side as the tumour (fig. 4). This infarct was spindle 
shaped in the rostrocaudal direction and extended from the level of the obex t 
the level of the pontomedullary junction (fig. 5). At the level of the obex the infarct 
was rather narrow and involved the spinal trigeminal complex and its descending 
tract, as well as the laterally adjacent band of fibres of the inferior cerebellar 
peduncle. Further rostrally the infarct was wider and also involved the vestibula: 
complex, the bulbar lateral reticular formation, and the adjoining area along the 
ventral aspect of the medulla oblongata, that is, lateral to the inferior olive. The 
medial reticular formation was largely unaffected. At the level of the hypoglossal 
nuclei the infarct extended medially as far as the fibres of the hypoglossal nerve 
but did not involve this nerve or its motor nucleus. At the level of the ponto 
medullary junction the infarct became narrower and lay immediately lateral to 
the facial nucleus, thus involving the spinal trigeminal complex and the lateral 
portion of the bulbar reticular formation. 
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Fic. 5. Semi-diagrammatic representation of the location and extent of the infarction in the medulla oblongata 
investigated in detail. Large dots indicate the position of the tumour (ependymoma); fine dots, the area of fibre 


degeneration. The degeneration in the pyramidal tract on the right was caused by the encephalomalacia which 
developed two months before the patient's death. 


Vm == trigeminal motor nucleus. Vp = trigeminal principal sensory nucleus. SpVTr = spinal trigeminal tract. 
SpVCo = spinal trigeminal complex. VI = abducens nucleus. VII = facial nucleus. МУП = facial nerve. XII = 


SCP = superior cerebellar peduncle. MCP = middle cerebellar peduncle. PCI = inferior cerebellar peduncle. 
PN = pontine nuclei. DCM = dorsal column nuclei. 
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DISCUSSION 


The electrophysiological findings of early reflex responses within the normal 
range and a bilateral delay (Type A, fig. 1) or absence (Type B, fig. 2) of the late 
reflex response upon stimulation of the nerve on the affected side are consistent 
with earlier observations in 7 patients with the Wallenberg syndrome reported 
by Kimura and Lyon (1972). Of special interest in this respect is the Type C 
abnormality (fig. 3), which had not been reported previously. This abnormality 
occurred in 3 of the 4 patients belonging to Group 1, that is, with the most severe 
symptoms. In view of the anatomical findings in one of these patients (figs. 4 
and 5), they all probably had rather extensive lesions. This strongly suggests that 
when the Type C abnormality occurs in Wallenberg's syndrome the lesion can be 
expected to extend deeply into the medulla oblongata. 

With respect to the distribution of the fibre connections underlying the bilateral 
late response of the blink reflex the present findings lead to the following con- 
clusions. The route by which the bilateral late reflex response is established involves 
the ipsilateral spinal trigeminal tract and the area of the ipsilateral spinal trigeminal 
nucleus (fig. 6). This is based on the fact that in the cases with A and B abnormalities 


STIMULATION STIMULATION 
SUPRAORBIT.N. SUPRAORBIT. М. 





Fic. 6 Diagram showing the presumed location of the bulbar interneurons subserving the two components 
of the blink reflex’ (1) interneurons subserving the ipsilateral early component; (2) interneurons subserving the 
bilateral late component. A lesion involving the double-shaded area on the right would only interfere with the 
bilateral late component elicited by stimulation of the nerve on the affected side. A larger lesion also involving 
the lightly shaded area would also interfere with the late component on the affected side elicited by stimulation 
of the nerve on the intact (left) side. For key to abbreviations see legend to fig. 5. 
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a normal bilateral late reflex response could still be elicited upon stimulation of 
the nerve on the intact side. In the cases with the Type C abnormality the bilateral 
late response was absent when stimulation of the nerve was applied to the affected 
side as in the cases with Type B abnormality. When the nerve on the intact side 
was stimulated, however, a normal late response was only observed on the intact 
side and no late response occurred on the affected side. This leads to two con- 
clusions. First, the late response onthe stimulated side is conducted via an ipsilateral 
ascending medullary pathway which leads from the area of the spinal trigeminal 
nucleus to the ipsilateral facial nucleus (fig. 6). Secondly, because of the absence 
of the late response on the affected side upon stimulation of the nerve on the intact 
side, the contralateral late response must be established by way of an ascending 
medullary pathway which crosses the midline in the caudal medulla oblongata 
before ascending to the contralateral facial nucleus (fig. 6). The fact that the lesion 
in the case with the ependymoma in the cerebello-pontine angle involved the bulbar 
lateral reticular formation but largely spared the medial reticular formation (fig. 5) 
suggests that the ipsilaterally and the contralaterally ascending medullary pathways 
to the facial nuclei are located in the lateral reticular formation of the lower 
brain-stem. 

With respect to the above-mentioned conclusions it is of interest to note that 
according to Holstege and Kuypers (1977! and Holstege, Kuypers and Dekker 
(1977), the bulbar lateral reticular formation in the cat contains a lateral and a 
medial propriobulbar fibre system; the former distributes fibres to the bulbar 
motor nuclei mainly ipsilaterally, whereas the latter tends to distribute fibres to 
these nuclei bilaterally. The medial propriobulbar system also contains fibres 
arising from neurons at the level of the obex and passing to the intermediate facial 
subnucleus on both sides. This subnucleus is believed to innervate the orbicularis 
oculi muscle (Courville, 1966). If these connections found in the cat also exist in 
man, they could explain the Type C abnormality, because the trigemino-reticular 
lesion would not only block the trigeminal access route to the caudal medullary 
neurons on the affected side, which project to motoneurons of the orbicularis oculi 
muscle on both sides, but would also interrupt the crossed ascending fibres which 
are distributed from the corresponding neurons on the intact side to the moto- 
neurons of the orbicularis oculi muscle on the affected side. 

From the clinical point of view it may be concluded from the present study that 
recording of the late blink reflex has value, because the results may provide the 
clinician with further information about the extent of the brain-stem lesion. 


SUMMARY 


In 13 patients with Wallenberg's lateral medullary syndrome, blink reflexes 
elicited by electrical stimulation of the supra-orbital nerve were investigated. The 
early response of the reflex was normal in all of the patients, but the late blink 
reflex responses showed three types of abnormality. Type A consisted of a bilateral 
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delay (fig. 1), and Type B of a bilateral absence of the late reflex response (fig. 2) 
to stimulation on the affected side in combination with a normal late reflex response 
on both sides when the normal side was stimulated. Type C, which was seen in 
3 cases, consisted of a bilateral absence of the late reflex response upon the stimula- 
tion of the affected side, in combination with a normal late response on the intact 
side and absence of the late response on the affected side when the unaffected side 
was stimulated (fig. 3). 

It is concluded that the late reflex is conducted via medullary pathways running 
both ipsilaterally and contralaterally to the stimulated side before making con- 
nection with the ipsilateral and the contralateral facial nucleus, respectively. In 
one of the cases with the Type C abnormality, detailed investigation showed 
involvement of the descending trigeminal tract, its nucleus, and the lateral reticular 
formation. The facial nerve and nucleus were largely spared. This finding suggests 
that for the late blink reflex the ascending medullary pathway from the spinal fifth 
nerve complex to the facial nuclei are located in the lateral reticular formation of 
the lower brain-stem. In addition, the finding of the Type C abnormality in cases 
with severe symptoms of the Wallenberg syndrome indicates a lesion extending 
medially beyond the fifth nerve complex. 
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THE SENSATION OF HEAVINESS AFTER 
SURGICAL DISCONNECTION OF THE 
CEREBRAL HEMISPHERES IN MAN 


by S. C. GANDEVIA 


(From the School of Physiology and Pharmacology, University of New South Wales, P.O. Box 1, 
Kensington, 2033, Sydney, N.S.W., Australia) 


SURGICAL disconnection of the cerebral hemispheres does not produce gross 
impairment of bimanual motor co-ordination in monkeys (Mark and Sperry, 
1968) or man (Sperry, 1966, 1974) although interconnections between the motor 
cortical systems controlling the left and right limbs are severed. The loss of inter- 
hemispheric communication is shown, for example, by the inability of patients 
to describe unusual objects presented to the non-dominant hand or visual material 
shown to the non-dominant half-field (see Sperry, 1966; Sperry, Gazzaniga and 
Bogen, 1969). Some somesthetic information can be perceived by the hemisphere 
ipsilateral to the stimulus as patients are able to make a verbal detection of 
cutaneous, thermal and painful stimuli presented on the left side (Sperry, 1966; 
Sperry et al., 1969; Levy and Sperry, 1970; Gazzaniga, 1970). Simple proprio- 
ceptive information arising in joints and skin, and also in muscles, was shown by 

‘McCloskey (1973) to be distributed to both hemispheres. Despite the access of 
one hemisphere to proprioceptive information from both sides of the body, split- 
brain patients are unable to mimic with one hand complex postures imposed on the 
fingers and hand of the other side, nor are they able to retrieve from an array of 
objects with one hand an object similar to one held in the other hand (see Sperry, 
1966; Sperry et al., 1969). Although anatomical studies have not revealed a strong 
transcallosal connection between the primary somatic cortex in each hemisphere 
for distal parts of the limb (Jones and Powell, 1969; Jones, Burton and Porter, 
1975; cf. Shanks, Rockel and Powell, 1975) an electrophysiological study of single 
fibres within the corpus callosum of the cat revealed that information from the distal 
forelimb was transmitted through the callosum (Innocenti, Manzoni and Spidalieri, 
1972, 1974). 

Detailed studies on the sensation of heaviness have not been reported for human 
split-brain patients. Akelaitis (1944) reported from a study of patients with surgical 
disconnection of the hemispheres that no impairment in weight discrimination 
occurred. Gazzaniga (1970) briefly noted that afferent information signalling 
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heaviness may be conveyed to the ipsilateral hemisphere, but suggested that the 
information signals the tactile qualities of the object being lifted. Nebes and Sperry 
(1971) found that interhemispheric comparisons of weight were possible in a patient 
with disconnection of the cerebral hemispheres and additional birth injury in the 
dominant hemisphere. This ability was ascribed to the use of paths conveying 
tactile information to the ipsilateral hemisphere. These studies imply either that 
ascending afferents have both ipsilateral and crossed projections to the cerebral 
hemispheres or that commissural connections ‘below’ the level of the corpus 
callosum distribute afferent inputs to both hemispheres. Studies on man and 
monkeys following hemidecortication (Fulton, 1943) and hemispherectomy in 
monkeys (White, Schreiner, Hughes, MacCarty and Grindlay, 1959) confirm the 
presence of functional ipsilateral paths. Fulton suggested that there is bilateral 
projection of cutaneous afferents but only unilateral projection of proprioceptive 
information. The observations of Penfield and Rasmussen (1950) support this 
suggestion as they found loss of sensation of movement and position in the contra- 
: lateral limb of patients after removal of the postcentral gyrus, while significant 
cutaneous sensibility was retained. 

Recent studies have shown that in making estimates of the perceived heaviness 
of a lifted object normal subjects rely on sensing the effort or outgoing voluntary 
motor command, preferring this to tactile or intramuscular signals of achieved 
tension (McCloskey, Ebeling and Goodwin, 1974; Gandevia and McCloskey, 
1977a, b, c). An increase in the perceived heaviness of a lifted object occurs when- 
ever the lifting muscle is weakened, irrespective of how the weakness is produced: 
by muscular fatigue; by partial curarization; by inhibition of the lifting moto- 
neurons by activating muscle spindles of the antagonist; or by neurological 
disorders (unilateral cerebellar hypotonia, Holmes, 1917; simple motor strokes, 
Gandevia and McCloskey, 1977a). While subjects prefer to use signals related to 
the effort used, as they do when weakened, they are able under some circumstances ' 
to attend to signals of achieved tension, if requested to do so (McCloskey et al., 
1974; Gandevia and McCloskey, 1977b; Roland and Ladegaard-Pedersen, 1977). 

This study was designed to see, first, if split-brain patients could accurately 
match lifted weights, and secondly, to see whether they used the size of the voluntary 
motor command to estimate the heaviness of objects lifted by a distal muscle or 
if they relied on peripheral signals of achieved force or cutaneous pressure which 
seem to be distributed to both hemispheres. The split-brain patients, like normal 
subjects, sensed the motor command being used as an indicator of heaviness; 
information about this command or effort seemed to be available to both hemi- 
spheres. 
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METHODS 
Patients 


Three patients of Drs. P. J. Vogel and J. E. Bogen (L.B., N.G. and N.W.) were examined during 
August, 1977. They had all undergone surgical division of the forebrain commissures, including the 
entire corpus callosum and the anterior commissure as part of treatment for severe epileptic seizures 
uncontrolled by medication. The hippocampal commissure was presumed to have been divided along 
with the corpus callosum. The massa intermedia was also divided where it was seen to be present (Bogen 
and Vogel, 1962; Bogen, Fisher and Vogel, 1965). Brief details about the individual patients are presented 
below. Full case reports have been published (Bogen et al., 1965; Bogen, 1969; Sperry et al., 1969) and 
a recent study of the neurological status of the patients is available (Bogen and Vogel, 1976). 

L.B. was born in May 1952 and his first seizure occurred at the age of three years. Subsequently seizures 
became more severe and appeared more frequently and at operation in April 1965 all interhemispheric 
commissures were sectioned. He spoke readily on the first post-operative day and his recovery was rapid 
and uneventful. There were no radiological or other neurological signs of localized brain damage up 
to the time of his operation. He is right-handed. 

N.G. is a 45-year-old housewife. Her seizures began at the age of 18 years and she showed radiological 
evidence of a calcified lesion one centimetre ın diameter beneath the right cortex and EEG signs of an 
abnormality in the temporal lobe of the left hemisphere. The operation, performed in September, 
1963, included section of the mass intermedia. Intelligible speech was uttered on the second post-operative 
day and recovery was uneventful. She is mght-handed. 

These two patients, L.B. and N.G. are presumed to present most clearly the syndrome of hemispheric 
disconnection because of their smooth recovery following operation and because extracallosal damage 
seemed to be minimal (Gazzaniga, Bogen and Sperry, 1967; Sperry et al., 1969). 

N.W. participated in some of the tests, as described below. She was born in May 1930 and her seizures 
began at the age of 3 years. She underwent commissurotomy in December, 1966. Prior to the operation 
there were EEG signs of diffuse disorganization without localization. At the time of testing there was 
some dyspraxia for the left upper limb to verbal commands. 


Testing Procedures 


In the major test the subjects performed a weight-matching task m which weights were lifted by 
simultaneously flexing the distal joint of each thumb. This movement 1s carried out by flexor pollicis 
longus. Details of the apparatus used and matching task have already been published (Gandevia and 
McCloskey, 19776). In brief flexion of the distal joint of the thumb depressed one side of a see-saw device 
to lift the weights, which were hung in light buckets at the other.end. The buckets were out of sight 
of the subjects. Subjects lifted a reference weight of 1000 g with one (reference) thumb and matched it 
with a variable weight, similarly lifted, by the other (matching) thumb. When the variable weight, which 
had been adjusted according to the subjects’ instructions, equalled the reference weight then the chosen 
weight represented the perceived heaviness of the reference weight. When the left thumb lifted the 
reference weight the subjects verbally instructed the experimenter to increase or decrease the weight 
lifted by the right thumb until the subjects said they were the same. When the right thumb lifted the 
reference weight the subjects, after lifting the weights, signalled with their left index finger or thumb to 
the experimenter that weight needed to be added or removed on the left or that the weights lifted by 
both thumbs were apparently equal. Estimates were made as controls and were repeated when the long 
flexor of the thumb on the reference side was weakened by fatigue. Fatigue was produced by having the 
subject lift isometrically 2-5 kg until it could no longer be supported. A sphygmomanometer cuff, 
positioned around the upper arm, was then inflated above systolic pressure before the contraction was 
relaxed. This maintained the muscle in a weakened state (Merton, 1954). After about thirty seconds the 
subject made two estimates of the heaviness of the 1000 g reference weight. The cuff was then released 
and after two to four minutes two control estimates were made. This sequence was repeated five times 
with first the left then with the right side lifting the reference weight. 
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In a second set:of experiments subjects lifted a 1000 р reference weight by flexing the elbow. Weights 
which were contained in buckets were attached over pulleys to padded bands around the subject's 
wrists. The buckets could not be seen by the subject. On alternate estimates the subject firmly grasped 
between fingers and thumb a piece of wide rubber tubing which was strapped into the (reference) hand. 
This method of lifting weights with the flexors of the elbow while grasping with the hand has been 
previously described in detail (Gandevia and McCloskey, 1976). L.B. made 15 and N.G. made 10 pairs 
of control estimates and estimates during grasping on the reference side. As in the fatigue experiments 
the left and then the right side lifted the reference weight and the same techniques for signalling the 
changes required by the subject on the matching side were used. - 

In another set of experiments the ‘size-weight illusion’ (see Charpentier, 1891) was examined. One 
wide beaker (100 mm diameter; 250 g) and four narrow beakers (12 mm diameter; 100, 150, 200 and 
250 g) were used Beakers, grasped between the thumb and the index and middle fingers, were freely 
lifted. Initially subjects were required to align the beakers in order of either increasing or decreasing 
apparent weight. Alignment was made using just the left hand or just the right hand. It was repeated 
when the left hand lifted the wide beaker while the right lifted the narrow ones and then when the right 
lifted the wide beaker while the left lifted the narrow ones. In a more stringent test the subject was blind- 
folded and the weights were grasped and lifted from the table only by abduction (radial deviation) of the 
wrist. The subject lifted the wide beaker in one hand and selected a narrow beaker lifted by the other 
hand which was of apparently equal weight. Ten estimations were made when the wide beaker was lifted 
in the left hand and then in the right hand. The subject was led to believe that the weight 1n the large 
beaker was altered between trials. 

In all matching tasks described above subjects were required to use the signalling system (speech, 
finger movement, or manual selection) devised for each test. Head or neck movements and speech at 
inappropriate times were not permitted 


RESULTS 


Perceived Heaviness during Fatigue 


The two subjects N.G. and L.B. performed in the same way as normal subjects 
when the muscle which lifted a weight was fatigued. Perceived heaviness during 
fatigue, as judged by the matching weight chosen on the unfatigued side, increased. 
Results are shown in Table 1. The mean and scatter of the control estimates do not 
appear to differ from those of normal subjects (Gandevia and McCloskey, 1977b, 
see their fig. 5). In both subjects the perceived heaviness was significantly increased 
above the control levels when the lifting muscle was fatigued. Fatigue was produced 
first on the left side (as described under Methods) and both subjects when asked to 


TABLE 1. CHANGES IN PERCEIVED HEAVINESS OF А 1000 с REFERENCE WEIGHT 
LIFTED BY FLEXING THE THUMB DURING FATIGUE. MEAN + SEM For 
10 ESTIMATES 


Left reference Right reference 
Control — Fatigue Control | Fatigue 
L.B. 1260+28 1570445 845+32 1300445 
P<0-001 ` P<0-001 


N.G. 8904-43 12304-50 1100+49 1490-38 
P «0-001 Р «0-001 
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describe the feelings on the left during fatigue mentioned that the object they were 
lifting felt heavy. One subject, L.B., described an increase in apparent heaviness 
as the fatigue of the long flexor of the thumb progressed. This suggests that the left 
hemisphere may have been aware of the magnitude of the motor command being 
delivered by the right. 


Perceived Heaviness during Grasping 


In normal subjects the perceived heaviness of a reference weight lifted by flexing 
the elbow is usually reduced when the hand is also grasping (Gandevia and 
McCloskey, 1976). In subject L.B. there was a significant reduction in the perceived 
heaviness when either the left or right side lifted the reference weight. In N.G. 
there was a significant reduction in perceived heaviriess when the reference weight 
was lifted on the right but no significant change when it was lifted on the left. 


Size-weight Illusion 


The larger of two objects having equal weight is usually judged to be lighter— 
this is the size-weight illusion (Charpentier, 1891; Woodworth, 1940; McCloskey, 
1974). Four narrow beakers (100, 150, 200, 250 g: 12 mm wide) and one wide 
beaker (250 g: 100 mm wide) were used to see, first, whether each hemisphere 
individually experiences the illusion, and, secondly, whether the illusion is present 
when one hand lifts a wide beaker and the other lifts a narrow beaker. 

When using one hand or both hands to place the five beakers in order of increas- 
ing or decreasing weight L.B. placed tbe wide beaker (250 g) after the narrow 
100 g but before the narrow 200 g beaker. N.G., when using one or both hands, 
placed the wide beaker between the narrow 100 g and narrow 200 g beaker in 
18 of 20 trials. Once the wide beaker was placed as if lighter than the narrow 100 g 
beaker and once it was placed between the narrow 200 g and the narrow 250 g 
beaker. Aside from positioning the wide beaker as if it was apparently lighter than 
the narrow 250 g one, the narrow beakers were usually aligned accurately. In 
20 trials L.B. made one and N.G. four errors by misplacing one of the narrow 
beakers when the beakers were arranged in order of apparent weight. 

In both subjects, when the perceived heaviness of the wide beaker was determined 
using a matching task, the wide beaker was again judged to be light, as shown by the 
weight of the narrow beaker lifted on the other side to match. Results are shown 
in Table 2. 


TABLE 2. PERCEIVED HEAVINESS OF A WIDE 250 о BEAKER, LIFTED BETWEEN THUMB 
AND FINGERS, AS JUDGED BY THE WEIGHT OF A NARROW BEAKER LIFTED ON THE 
OTHER SIDE TO MATCH. MEAN + SEM For 10 ESTIMATES 


Left reference Right reference 


L.B. 10515 14010 
N.G. 1208 155+ 5 
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' Results from N.W. 

Although N.W. showed some dypraxia for the left upper limb she participated 
in two of the tests. The perceived heaviness of a 500 g reference weight lifted by 
flexing the distal joint of the left thumb was increased significantly when the long 
flexor of the thumb on the left was fatigued. (Fatigue was produced by a period of 
sustained weight-bearing, unaccompanied by inflation of the sphygmomanometer 
cuff, as used for L.B. and N.G.). When matching the heaviness of the wide beaker 
(250 g) lifted on one side with that of the narrow ones lifted on the other side she 
chose an average 160 + 21 g when lifting the wide one on the right and an average 
125 + 15 р when lifting the wide one on the left (mean. + SEM for 10 estimates). 


DISCUSSION 


These results suggest that even in the absence of the neocortical commissures 
subjects rely on signals related to the voluntary motor command or effort rather 
than signals of achieved muscular tension in their judgement of weight. Although 
signals related to intramuscular tension were available, many of which have some 
access to both hemispheres, subjects preferred to neglect them in favour of signals 
related to the size of the outgoing motor command to the motoneurons when 
judging heaviness. In this respect they perform as accurately and in the same way 
in their judgements as normal subjects who have been tested under similar con- 
ditions (McCloskey et al., 1974; Gandevia and McCloskey, 1977a, b, c). 

One interpretation of the fatigue experiments, in which subjects matched the 
increased centrally-generated effort to lift on the weakened side with an increased 
effort (which lifted a larger weight) on the other side, is that information about the 
magnitude of the motor command reached both hemispheres. Insufficient is known 
about the centrally-generated effort or voluntary motor command which signals 
heaviness to discuss in detail the anatomical implications of this interpretation. 
The results, however, permit the following speculation. Signals of outgoing motor 
activity which the sensorium uses to estimate weight cross into the opposite hemi- 
sphere at levels beneath the neocortical commissures. These signals of effort not 
dependent upon the corpus callosum to reach the other hemisphere may thus be 
‘low level’ outputs of the motor system. 

Another explanation for the findings presented here is that comparisons of 
weight were made within one hemisphere using contralateral and ipsilateral motor 
paths to determine the relative motor commands to the left and right side. For 
several reasons this possibility is considered unlikely. First, ipsilateral motor 
outflow to the distal musculature is less than that for proximal and axial muscula- 
ture (Liu and Chambers, 1964; Gazzaniga, 1970; Brinkman and Kuypers, 1973; 
Glees, 1975; Zilch, 1975; cf. Zaidel and Sperry, 1977). Difficulty might be expected 
in comparing the motor commands delivered from the one hemisphere to both 
sides, when the movements are made simultaneously. Activity of the contralateral 
motor system ‘suppresses’ that in the ipsilateral motor system (Sperry et al., 1969). 
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When the reference weight was lifted on tbe right and changes in weight were 
signalled by movement of digits on the left, on rare occasions both N.G. and L.B. 
verbally requested an alteration in weight. These spoken requests were consistent 
with the matching weights chosen when signalling only with digits on the left. 
Finally, and perhaps most importantly, the subjects showed an internal con- 
sistency in the selection of control estimates whichever side lifted the reference 
weight. Thus if the subject matched the 1000 g reference weight on the left with, 
say, 1200 g on the right, then the 1000 g reference weight on the right was matched 
witha smaller weight, say, 800 ё on the left. If a different hemisphere were responsible 
for judgement of weight when different sides lifted the reference weight it would be 
surprising if both showed the same deviation in the internal calibration for weight. 

A third possible explanation is that afferents from muscle spindles in the con- 
tracting muscles provided the signals used by the split-brain subjects for weight 
estimation (cf. McCloskey et al., 1974). These afferents discharge during voluntary 
movements (see Vallbo, 1971, 1974) and their discharges reach both hemispheres 
(McCloskey, 1973). In these subjects, however, one hemisphere usually attends 
to only the contralateral afferent input when stimuli are presented simultaneously 
to both sides (Sperry et al., 1969). 

Ferrier (1876) suggested that sensation of the effort put into a muscular con- 
traction is usually due to perception of the activity of other muscles (for example, 
respiratory muscles) which are called into graded activity at the time of the effort. 
It is thus possible that the results presented here are due to perception of afferent 
information generated in a remote muscle group which has access to both hemi- 
spheres. This is analogous to some cross-cuing strategies devised by split-brain 
animals and human subjects to present information to both hemispheres (Mark 
and Sperry, 1968; Gazzaniga, 1966, 1970; Bogen and Vogel, 1976). Perception 
of afferent discharges from a remote muscle group as a signal of effort does not 
seem an attractive explanation for the findings presented here because the lifting 
contractions were produced simultaneously on the two sides. Thus while afferent 
information would be generated by partial fixation of the ribs (to use Ferrier’s 
example), such information is unlikely to be able to signal separately the motor 
commands (or effort) being simultaneously delivered to both the lifting muscles 
on the left and to those on the right. 

Both N.G. (on one side) and L.B. (on both sides) performed in the same way 
as most normal subjects when estimating the heaviness of a weight lifted by flexing 
the elbow while the sensory input arising in the hand was enhanced by grasping. 
Perceived heaviness is reduced (Gandevia and McCloskey, 1976). It has been 
argued that the increased sensory input from the hand during a grasp assists or 
facilitates the contraction of the ipsilateral flexors of the elbow. This reduces the 
voluntary motor command required to lift the same weight and thus reduces 
the apparent heaviness of the weight (Gandevia and McCloskey, 1976, 19776). The 
apparently normal performance of the commissurotomy patients in this task is 
consistent with the explanation that each hemisphere was ‘aware’ of the magnitude 
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of the motor commands delivered to the relevant motoneurons on the left and 
right sides. 

Perhaps the most surprising result is that the size-weight illusion was preserved 
as tested with an interhemispheric matching task when lifting movements were 
limited and vision was excluded. The conventional explanation for the illusion is 
that on the basis of experience larger objects are expected to be heavy and smaller 
ones to be light. Information about the size or width of the object is presumably 
signalled by kinesthetic cues and departure of ‘real’ from ‘expected’ weight pro- 
vides the ‘illusion’ (Sherrington, 1900; Woodworth, 1940). It is not easy to speculate 
as to how the level of ‘expectation’ of weight might be available to both hemispheres. 
However, if, as the results suggest, each hemisphere has experience of the illusion, 
and if information about the motor command is transmitted to both hemispheres, 
then if sufficient information about the width (size) of the lifted object reaches the 
ipsilateral hemisphere, comparisons between real and expected weight may be 
made within each hemisphere separately. It is not necessary to postulate that a 
hypothetical level of ‘expectation’ is transferred between the hemispheres; 
sufficient information for either hemisphere to deduce the expected weight may 
be available. 

While the most likely explanation for the findings in the split-brain subjects is 
that corollary motor discharges or discharges related to outgoing motor commands 
reach both hemispheres, use of this information does not confer as acute an ability 
for bimanual co-ordination as exists in normal subjects. Some impairment of 
bimanual co-ordination has recently been revealed in studies of the split-brain 
subjects, especially in tasks in which there was a specific requirement for speed or 
alternating bilateral movements (Preilowski, 1972; Zaidel and Sperry, 1977; see 
also Kreuter, Kinsbourne and Trevarthen, 1972). Bilateral distribution of the 
motor command, however, may be sufficient to explain the seemingly normal 
behaviour of the split-brain patients in the simple weight-matching tasks used here. 


SUMMARY 


The sensation of heaviness was examined in three subjects who had undergone 
surgical division of the neocortical commissures. Subjects estimated the heaviness 
of weights lifted on one side by matching them with weights, simultaneously lifted, 
on the other side. In one test weights were lifted by flexing the distal joint of 
the thumb before and after fatigue of the lifting muscle. There was an increase in the 
perceived heaviness of a weight lifted by the weakened muscle, as judged by the 
larger weight chosen on the unfatigued side to match it. In this and another test, 
both of which involved alteration of the central motor command or effort required 
to lift a weight, the split-brain subjects performed in a qualitatively similar way to 
normal subjects. : 

The subjects also performed in an apparently normal way in tests requiring 
interhemispheric transfer of the size-weight illusion. 
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As the perceived heaviness of a lifted object, under the conditions used, depends 
on sensing the effort or voluntary motor command put into the lifting contraction 
and not on afferent signals of cutaneous pressure or intramuscular tension (see 
McCloskey et al., 1974) these findings suggest that information about the magnitude 
of the voluntary motor command may be accessible to both hemispheres. 
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SOMATOSENSORY EPILEPSY 
A REVIEW OF 127 CASES 


by F. MAUGUIERE and J. COURJON 
(From the Service EEG de I’ Hópital Neurologique, 59 Boulevard Pinel 69003, Lyon, France) 


SINCE Jackson's first description of parzsthetic epileptiform seizures in 1863, most 
studies of somatosensory epilepsy have investigated the pathophysiological 
mechanisms and the localizing value of the somatosensory seizures. Penfield and the 
Montreal school have demonstrated that the paroxysmal somatic sensations which 
are characteristic of the patient's spontaneous seizures can be reproduced by elec- 
trical stimulation of those areas of the parietal cortex which are involved in the recep- 
tion or integration of somesthetic information, namely, the primary and secondary 
somatosensory areas (SI and SIT) and the supplementary somatosensory area in 
the inner part of Brodmann's area 5 (Penfield and Gage, 1933; Penfield and 
Erickson, 1941; Penfield and Jasper, 1954). Since these early studies, the classifica- 
tion of somatosensory seizures has been based on clinical and pathophysiological 
data. Each type of seizure has been defined by its lateralization, the nature and 
position of the paroxysmal sensations, and the site of origin and spread of the 
cortical ictal discharge (Gastaut, 1954, 1969; Gastaut and Broughton, 1972). 

Thus, unilateral paresthetic seizures, with or without a progression of somato- 
sensory symptoms in a ‘Jacksonian march’, are considered to be the clinical 
expression of a discharge localized in the contralateral area SI. It is commonly 
assumed that bilateral parzsthetic seizures are due to a discharge affecting either 
SII or the supplementary sensory area (Penfield and Rasmussen, 1950). Complex 
somatosensory seizures with paroxysmal disturbances of somatognosia are 
generally correlated with ictal discharges situated in the posterior parietal areas of 
the minor hemisphere. Stereo-electroencephalographic recordings of somato- 
sensory seizures have confirmed all these electroclinical correlations in a small 
number of cases (Bancaud and Talairach, 1965; Trottier, 1972; Bancaud, Talairach, 
Geier and Scarabin, 1973). 

Statistical study of the clinical and etiological aspects of somatosensory epilepsy 
has been performed on only two previous occasions (Penfield and Kristiansen, 
1951; Lende and Popp, 1976), and only one detailed clinical and anatomical study 
of sensory fits of traumatic origin has been published (Russell and Whitty, 1953). 
This may be explained by the very low incidence of somatosensory epilepsy, which 
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represented only 1-42 per cent of the 8,938 epileptic patients followed over a ten- 
year period (1965-1975) in our EEG department. Our purpose is, first, to give 
a clinical description of the seizure patterns observed in a population of 127 patients 
suffering from somatosensory epilepsy and secondly, to discover the respective 
frequencies of the different etiologies. 


MATERIAL AND METHODS 


Selection of Patients 


Of 127 patients with somatosensory epilepsy seen in the University Hospital of Lyon between 1965 
and 1975, 82 had been admitted to neurological wards and 45 to neurosurgical wards. These patients 
were selected from a population of 8938 epileptic patients (more than 3 years old) who had been admitted 
to the same hospital during the same period. 

Only patients with complete clinical details (see Table 1) were investigated. Only cases in which 
paræsthesiæ, pain or somatognostic disturbances were clearly the prevalent ictal symptoms were selected. 


TABLE 1. INFORMATION REQUIRED FOR SELECTION OF PATIENTS 


. Date of birth and sex 

. Date of onset of somatosensory seizures 

. Nature of ictal somesthetic symptoms 

. Side of seizures 

Initial localization and maximal spread of somesthetic ictal symptoms 

. Nature of possible non-somesthetic ictal symptoms 

. Frequency of secondary generalized somatosensory seizures 

. Nature of all other epileptic disorders (associated non-somatosensory seizures) 
. Date and results of first neurological examination 

10. Number and dates of EEG recordings 

11. Date and order of first abnormal EEG 

12. Lateralization, localization and type of EEG abnormalities 

13. Dates, nature and results of all isotopic or neuroradiological investigations 
14. Neurosurgeon’s observations in all operated cases 

15. Histological study of lesion in all operated cases 


NO соз Oi tA шо юзе 


A routine electroencephalographic (EEG) recording with hyperventilation and intermittent photic 
stimulation was performed in all patients. Two or more EEGs (maximum 15) were carried out in 
67 patients. Bemegride was intravenously injected under EEG control in 37 patients in order to induce 
an electroclinical seizure (maximal dose 3 mg per kg body weight). EEGs were recorded with the usual 
international 21 electrode system on an 18 channel recorder, both monopolar and bipolar derivations 
being used. Only EEG recordings obtained before any neurosurgical treatment were analysed in the 
present study. ‚ 

Cerebral angiographic investigations or radio-isotope scanning were carried out їп 107 patients. 
6 patients had one or more isotope scans without carotid angiography, 27 patients had carotid angio- 
grams only and 74 patients had both. Pneumoencephalography was undertaken in 14 patients. In the 
group subjected to neurosurgery (76 cases, 59-8 per cent), the nature of the causal lesion was always 
verified histologically. In 30 out of 51 patients in whom surgery was not perfotmed the etiological 
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diagnosis was obvious from the previous case history or neuroradiological investigations. In the remain- 
ing cases the origin of the somatosensory epilepsy remained unknown, 1n spite of isotopic and neuro- 
radiological investigations. AIl patients belonging to this latter group have been followed for more than 
one year (mean fifteen months) in a neurology department. 


Patients 


Among the 127 selected patients, 45 were females (35-4 per cent) and 82 were males (64-6 per cent). 
The mean age of onset of somatosensory epilepsy was 37:3 years (variance — 222, standard deviation 
(SD) = 15-6); the age distribution of onset is represented in fig. 1. Neither the mean age of onset nor the 
sex distribution were found to differ statistically between patients admitted to neurological wards 
and those admitted to neurosurgical wards (t = 1-24 for mean age of onset, x? = 0-00 for sex distribu- 
tion). The frequency of the somatosensory seizures was known with sufficient accuracy in 111 patients 
(see fig. 2). Evaluation of the seizure frequency was made only in the pre-operative period ; 28 patients 
were classified in a ‘single seizure’ category either because they were subjected to operation shortly after 
the onset of symptoms or because they experienced only a single somatosensory epileptic episode in the 
course of their illness. In 36 patients (28-3 per cent) secondary generalized seizures were invariably 
observed. 35 patients (27-4 per cent) experienced at least one secondary generalized seizure with somato- 
sensory onset. Non-somatosensory seizures occurred 1n 37 patients (29 per cent), details of ictal patterns 
observed in these patients are given in fig. 3. In 17 cases several types of non-somatosensory seizures 
could be observed in a single patient. On initial clinical examination permanent 1nterictal neurological 
impairment was found in 67 patients (see fig. 4). The interval between the first somatosensory seizure 
and initial clinical examination by a neurologist was less than three months in 62 patients; three months 
to one year in 24 patients; more than one year in 41 patients. 

Interictal EEG abnormalities were present in 91 patients (71-5 per cent). In 76 cases (60 per cent), 
these abnormalities were observed in the first recording. In 87 patients with abnormal intericta] EEGs 
pathological tracings were recorded only from the hemisphere contralateral to the clinical seizures; in 
the 4 remaining patients the EEG abnormalities were bilateral, diffuse and roughly symmetrical. The 
topography of the lateralized EEG abnormalities is summarized in fig. 5. Forty-nine patients showed 
focal EEG disturbances in only one area. Two or more of these areas were affected in all other cases. 
The distribution of EEG abnormalities found in those patients with abnormal routine EEG was as 
follows: intermittent slow-waves, theta or delta (55 cases); permanent slow delta waves (34 cases); 
spikes-and-waves (21 cases). In 17 patients two of these pathological patterns could be observed, the 
most frequent association being spikes and intermittent slow-waves. 

The exact sites of the lesions were determined in 92 cases, in 76 by direct observation ducti operation, 
and in 26 by neuroradiological investigations. Diffuse lesions involving both hemispheres were excep- 
tional (5 cases); usually only the hemisphere contralateral to the clinically affected side of the body was 
damaged (87 cases). The localization of the lesion is represented 1n fig. 6; all lesions situated either in 
primary sensory area SI or in somatomotor area 4 are classified as ‘central’. Lesions were highly focalized 
in only 38 patients (fig. 7) of whom the central area and the posterior parietal areas could be considered 
as undamaged in 17 cases (45 per cent), their lesion being either temporal or anterior frontal. In the 
other 54 patients at least two of the hemispheric areas outlined in fig. 6 were damaged. 


Data Processing and Statistics 


For each patient all the criteria pertaining to the description of the seizures, the clinical course of the 
illness, the dates and the results of EEG and isotopic and radiological investigations were card-indexed 
with 387 possible entries. Special attention was paid to the detailed description of the ictal symptoms. 
An Iris 55 computer was used for classification of data, counting operations, and calculation of Student 
t-test and y? test. The value of t and x? coefficients is recorded only when probability of error Р is less 
than 0-05. 
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AGE (years) No 


10 з a 


10 to 20 19 
20 to 30 20 
30 to 40 29 
40 to 50 29 
50 to 60 16 
60 to 70 10 

70 1 


SINGLE SEIZURE 


LESS THAN ONE SEIZURE PER YEAR 


1 TO 11 SEIZURES PER YEAR 
1 TO 3 SEIZURES PER MONTH 
1 TO 6 SEIZURES PER WEEK 
MORE THAN 1 SEIZURE PER DAY 


No 
з аниа 
5 ш 


14 


FiG. 2. Frequency of somatosensory seizures. 


Type of seizure 


MOTOR CLONIC 
GENERALIZED 
AUDITORY 
PSYCHO-MOTOR 
VISUAL 

MOTOR TONIC 
MOTOR ADVERSIVE 
OLFACTORY 
GUSTATORY 


$ 
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Fic 3. Associated non-somatosensory seizures 1n 37 patients. 


SOMATOSENSORY EPILEPSY 


MOTOR IMPAIRMENT 
HYPOAESTHESIA 


AMYOTROPHY (of central origin) 
LATERAL HOMONYMOUS HEMIANOPIA 


HYPOTONIA 
ISOLATED ASTEREOGNOSIA 
APRAXIA ` 
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Fic. 4. Unilateral interictal neurological impairment at first examination ın 67 patients 


TEMPORAL 

CENTRAL 

FRONTAL 

PARIETO-OCCIPITAL 
_ HEMISPHERIC 


CENTRAL 
PARIETO-OCCIPITAL 
TEMPORAL 

FRONTAL 
PARASAGITTAL 


WHOLE HEMISPHERE 


27 


16 


12 
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Fie 6. Localization of unilateral lesions in 92 patients: frequency of cases with damage to one at least of these 


regions. 
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TEMPORAL 
34 96 





Fic. 7. Topographical distribution of focal lesions in 38 patients (see text). 


RESULTS 
Frequency of Somatosensory Epilepsy 
In our 8938 epileptic patients somatosensory seizures and Jacksonian tonic- 
clonic fits were found to be the less frequent types of partial seizures, as shown in 
fig. 8. Only the neurovegetative and visceral seizures (not represented in fig. 8) with 
a frequency of 0-59 per cent were less common than somatosensory seizures in our 
group of patients. 





A2 A REPE 
Adv JM PM WsM S 55 Abs Psy 
Fic. 8. Frequencies (per cent) of different types of partial seizures in a group of 8938 epileptic patients (more 
than three years old). 

Adv — adversive seizures 461 cases 5-16% 
JM = ‘Jacksonian’ motor seizures 199 cases 2:23% 
PM = partial tonic or clonic motor seizures 1158 cases 12.937 
WsM = whole side motor seizures Я 582 cases 651% 
S = sensory seizures (auditory, visual, gustatory, olfactory) 262 cases 293% 
SS = somatosensory seizures 127 cases 1-42% 
Abs = absences of short duration with automatism 293 cases 3 28% 


Psy = psychomotor seizures 449 cases 5.02% 
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Clinical analysis of Ictal Patterns 


Nature of ictal symptoms. Somatosensory symptoms (Table 2). Elementary 
paresthesie (that is, pricking or tingling sensations, pins and needles) were the 
most frequent ictal symptoms; they were the only somesthetic symptoms in 
79 patients. Seizures which were only painful (2 cases) or ‘somatognostic’ (3 cases) 
were few. In 43 cases two or three of the symptoms listed in Table 2 were reported 
by the patients. Pure sensations of cold or heat were never experienced in isolation 
but were described as accompanied by pain by 6 patients, or associated with 
elementary parzsthesiz in all other cases. Similarly, painful seizures, not including 
thermal sensations, were also usually paresthetic. Eight patients who described 
their seizures as being painful had cramp-like sensations with tonic muscular spasm 
of the limb, subsequent to paresthesiz. In our series of 13 cases of paroxysmal 
somatognostic dysfunction 9 patients described a sensation of swelling of one of 
their hands or of their tongue (with associated paresthesiz in 6 cases and pain in 
one case). Two patients reported a sensation of shrinking of one of their upper 
limbs with associated paresthesie. One patient described a paroxysmal left 
hemiasomatognosia, and one patient had brief sensations of levitation with left- 
sided pareesthesiz. 


TABLE 2. IcTAL SYMPTOMS 


No. of patients Рег cent 


Paresthesiz 114 89-7 
Pain 30 23-6 
Sensation of warmth or cold 14 11:0 
Somatognostic illusions 13 10-2 


Non-somatosensory symptoms. In 75 cases (59 per cent) non-somesthetic 
symptoms were reported by the patients or observed by the clinician during the 
seizures (fig. 9). 


No 
CLONIC MOVEMENTS зз 
POST-ICTAL MOTOR IMPAIRMENT з as 
TONIC MUSCULAR SPASM 20 Жаалы 
SPEECH DISTURBANCE 18 ШШШ 
VISUAL SYMPTOMS с Zu 
DIZZINESS с HH 
HEADACHE ' з ш 


Fic. 9. Nofi-somatosensory ictal symptoms ın 75 patients. 
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The high frequency of tonic or clonic motor phenomena is noteworthy. In this 
group of patients, 37 had paresthesie with tonic-clonic Jacksonian seizures; in 
12-others the paresthesie of one limb were followed by postural change which 
could be’either a tonic flexion of the forearm, with abduction of the shoulder and 
head rotation towards the elevated arm (9 cases) or extension and hyperpronation 
of the upper limb (3 cases). In one of the latter the hyperextension of the upper 
limb was associated with a retropulsion of the shoulder and contralateral head 
rotation. Post-ictal motor impairment usually occurred after Jacksonian sensori- 
motor seizures (16 cases); in 11 cases, however, the motor deficit was not preceded 
by any tonic or clonic phenomena. Post-ictal motor impairment was found to be 
statistically more frequent after seizures of upper limbs (x? = 4:06, P < 0-05). 

In contrast, visual ictal symptoms were rare in our series and reported by 
5 patients only (phosphenes in one visual hemifield, 2 cases; macropsia, one case; 
and formed visual hallucinations, 2 cases). 

18 patients (14-2 per cent) described a transient disturbance of speech which 
occurred either before (9 cases) or after (9 cases) the somatosensory ictal symptoms. 
The clinical analysis of these speech disturbances is difficult in most cases. How- 
ever, arrest of speech and transient. dysarthria seemed to be the most frequent. All 
these patients were right-handed and experienced right-sided seizures. 


Duration (D) No 

(in minutes) 

D«1 53 ee 
1«D«5 26 ЖШШЕ 

5«D«15 15 шшш 

0 > 15 2 E 


Fia. 10. Duration of ictal somatosensory symptoms in 96 patients 


Duration of somatosensory symptoms. When questioned on the duration of the 
somatosensory ictal symptoms, 96 patients (75:6 per cent) were able to make an 
approximate estimate (fig. 10). It appeared that brevity was an almost constant 
characteristic. This was corroborated by study of our series of 21 seizures which 
occurred during EEG recording. Their mean duration was 120 seconds (max. = 
480 s, min. — 20 s, SD — 99-3). No statistically significant correlation between the 
duration and the different types of ictal patterns has been found. 


Localization of seizures. With one exception all patients had unilateral seizures, 
which were right-sided in 64 patients (50-4 per cent), and left-sided in 62 patients 
(48-8 per cent). The complex seizures with somatognostic disturbances were left- 
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sided in 7, and right-sided in 6 of 13 patients, all of whom were right-handed. Only 
one patient described secondary spread of the paresthesie to the opposite side: 
beginning in the right hand, the fit spread to the right side of the face, then to the 
left side of the face and eventually to the left hand at the end of the seizure. 

The most frequent initial localization was the hand and the fingers (fig. 11). The 
large number of seizures beginning in the foot may be related to the frequency of 
parasagittal lesions, particularly meningiomas, in our series (vide infra). 


No x 
LIPS ANO TONGUE 5 3.9 - 
FACE n вг BEN 
CHE IRO -ORAL 4 31 E 
HAND AND FINGERS о 4.5 Шана 
ARM 4 з а 
WHOLE UPPER LIMB в ез UM 
TRUNK 2 16 Ш 
THIGH І 1 ові 
WHOLE LOWER LIMB 8 63 Mm 
FOOT 6126 
UPPER AND LOWER LIMBS 4 31 B 
WHOLE SIDE 5 4 m 


Fic. 11 Initial localization of ictal somatosensory symptoms in 127 patients. 


In 88 cases (79 per cent) the somesthetic symptoms spread during the seizure; 
86 patients could give an accurate description of the maximal extent of their 
symptoms (fig. 12). In most cases (81) the mode of extension of the paresthesiz 
was compatible with a progressive cortical spread of the discharge along the 
primary sensory area SI. The extent of the paresthesiz beginning in fingers or hand 
was often limited to the upper limb or to the forearm (fig. 13). In attempting to 
correlate the extension and site of origin of the somzsthetic symptoms we found 
extension to one entire side of the body to be more frequent in the seizures beginning 
in the lower limb (71 per cent), than in those beginning in the upper limb or face 
(44 per cent). This difference is statistically significant (x? = 11:54, P < 0-01). No 
significant correlation was found between the secondary generalization of seizures 
and the site of origin or the maximal spread of the ictal somzsthetic symptoms. 
The secondary generalization of seizures was not correlated with the involvement 
of the face. 
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Localizing value of ictal symptoms. In the 92 patients in whom the lesion could 
be localized, the contralateral hemisphere was always damaged. Little of significance 
was found on investigating correlations between the characteristics of the seizures 
defined above (type, duration, localization of the somzsthetic symptoms), and the 
site of the lesions. Seizures beginning in the foot were found to be specifically 
related to parasagittal lesions (x? = 13:75; Р< 0-01); burning sensations and 
painful paresthesia were more frequent when the centroparietal region was un- 
damaged (y? with Yates correction — 4-08, P<0-05 for burning sensations; 
ж = 6-7, P — 0:01 for painful paresthesia). No statistically significant correlations 
have been found between the site of the lesions and any of the following para- 
meters : somatognostic disturbance; initial localization (foot excepted) and maximal 
spread of ictal symptoms; seizure duration ; presence of ictal motor symptoms; and 
frequency of secondary generalization. In the 13 patients with complex seizures 
the posterior parietal areas were undamaged in 9 cases. 


Clinical ictal patterns. Of the various ictal patterns we have observed, somato- 
sensory seizures might be classified into three main categories: purely somato- 
sensory seizures (62 cases, 48-7. per cent), somatosensory and motor seizures 
(60 cases, 47-4 per cent), and visual-somesthetic seizures (5 cases, 3-9 per cent). 
Nearly 80 per cent of the patients with purely somatosensory seizures had simple 
or elementary seizures (49 cases, 79:1 per cent). In the group of patients with 
somatosensory and motor seizures, the most frequent ictal pattern was transient 
paresthesie followed by a Jacksonian tonic-clonic seizure (37 cases); in 12 cases 
the somesthetic symptoms were associated with a tonic change of posture; in the 
11 remaining cases, patients described paresthesia accompanied by a transient 
motor impairment without tonic or clonic motor phenomena. The latter type of 
seizure could be interpreted either as somatomotor inhibitory seizures, or as 
seizures with paroxysmal motor neglect. However as patients often mistake 
paresthetic sensations for transient motor impairment, the distinction between 
the two may be difficult. Such a classification is in some respects unsatisfactory as it 
ignores the complexity and variability of the associations we have observed. 


Ictal EEG patterns. In 32 patients (25-2 per cent) at least one focal seizure has 
been recorded electroencephalographically. These seizures were spontaneous 
(5 cases) or induced by hyperventilation (16 cases), intravenous injection of 
Bemegride (10 cases), or intermittent photic stimulation (one case). In 6 patients 
the seizures were electrically silent. In 7 patients with both somatosensory and 
motor seizures, only an exclusively focal motor seizure could be recorded. Simul- 
taneous EEG records were obtained during somatosensory seizures in 19 patients 
(Table 3). In this group, the ictal EEG abnormalities included sustained dis- 
charges of spikes (as in fig. 14) and rhythmic slow-waves, which began, in all cases, 
in the contralateral hemisphere. During the somatosensory seizures the EEG 
discharges were recorded in the central region in 14 patients and in the temporal 
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Fic 12. Maximal spread of somatosensory symptoms in 86 patients. 
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На 13 Maximal spread of somatosensory symptoms in 45 patients with seizures beginning in the band or fingers. 
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region in 5 patients. Because of the small number of patients, the localization of the 
ictal EEG abnormalities could not be correlated with the various patterns of 
somatosensory seizures. However, 2 out of 5 patients with temporal ictal EEG 
discharges experienced painful seizures without tonic motor phenomena. In 
contrast only one patient out of 14 with central EEG discharges was similarly 
affected. In the only case of left-sided paroxysmal asomatognosia, the ictal EEG 
pattern was composed of right temporal rhythmic slow-waves. 
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Fia. 14. EEG recordings taken during clinical seizure induced by hyperventilation (Case 74 112). Ictal discharge 
of spikes, then of spike-waves, in left rolandic region, spreading to right homologous region, during 180 s, with 
cheiro-oral pins and needles on the right side. Onset of clinical seizure indicated by the arrow Paresthesie 
ceased with the end of the ictal EEG discharge. Dotted line indicates an interruption of two min during which 
no modification of the tracing occurred. Records from remaining EEG leads showed no abnormalities, and are 
omitted from the figure. Calibration 50 mV/1 s. 





"Etiology of Somatosensory Epilepsy 


The frequency of the different etiologies is summarized in fig. 15. 

Inalarge number of patients (59) epilepsy was caused by tumours, whose histology 
was available from operative specimens in all patients (fig. 16). No difference in 
frequency of tumours between neurological and neurosurgical inpatient popula- 
tions was noted. In this group of 37 males and 22 females, an increased mean age 
of onset (43-1 years) was the only feature which could be correlated with the 
presence of a tumour (t — 3-16, Р — 0-01). No statistically significant correlation 
was found between the frequency of tumours and sex of the patient. 
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No x 
TUMOURS 59 46.5 Ss 
HEAD INJURY 23 18.1 ШШШ 
ANGIOMAS 10 7.9 ЖШ 
CEREBRAL ATROPHY 7 5.5 UM 
VASCULAR 5 3.9 ШШ 
TUMOURS OF THE SKULL — 1 0.8 | 
TELANGIECTASIAE(?) 1 0.8 1 
UNKNOWN 21 16.5 ШШШ 


Га. 15. ZEtiology in 127 patients. 


No 
GL IOBLASTOMAS 17 ee 
ASTROCYTOMAS 14 E 
MENINGIOMAS и шашлан 
OLIGODENDROGLIOMAS c Жш 


METASTATIC TUMORS c Жаш 


OTHERS г т 


Ба. 16. Histology of tumours in 59 patients. 
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Fig. 17. Frequency of tumours in different types of partial seizures. Abbreviations as in Fig. 8. х2 coefficients, 
calculated with the correction of Yates when necessary, are those obtained by comparing the frequency of tumours 
in each type of partial seizures with the frequency of tumours in the group of patients with somatosensory seizures 


Adversive seizures 461 cases Sltumours  11-065,—5? = 82-02 
‘Jacksonian’ motor seizures 199 cases 62 tumours  31-1675—32 — 7-14 
Partial tonic or clonic motor seizures 1158 cases 169 tumours 14-59% — 52 = 79-61 
Whole side motor seizures 582 cases 49 tumours 8.4290 — x? = 113-89 
Sensory seizures (auditory, visual, olfactory, gustatory) 262 cases 40 tumours 15:27% —y? == 42:23 
Somatosensory seizures 127 cases 59 tumours 46 45% 

Absences of short duration with automatisms 293 cases 12 tumours 4:10%— x? = 110-19 
Psychomotor seizures 449 cases 29 tumours 6-46%—x? == 119-29 


The incidence of tumours was higher in patients with somatosensory seizures 
than in patients with any of the other types of partial seizures quoted in fig. 17 
(P<0-01 for all x? tests); this is also true at the same level of significance if one 
considers only the patients who were older than 25 years of age when they ex- 
perienced their first epileptic seizure (fig. 18). 


TABLE 4. DURATION OF PRE-OPERATIVE EVOLUTION OF SOMATOSENSORY 
EriLEPSIES DUE TO TumMouRs (54 Casgs)* 


Metastatic Oligodendro- 

Duration (months) tumours Astrocytomas Glioblastomas Meningiomas gliomas 
Mean value 6:6 37-9 9-0 26:9 44-9 
Variance 38-9 979-3 193-8 784-4 1310-5 
Standard deviation 6:2 31-3 13-9 28-0 36-2 
Minimum 0-8 46 0-5 1-0 0-8 
Maximum 15:3 99-7 49-7 84-6 102-5 
No. of cases 6 14 14 14 6 


* Three cases of glioblastoma in which somatosensory epilepsy was related to recurrence of a previously 
operated tumour are not included in this Table. 
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The mean duration of the pre-operative evolution of somatosensory epilepsies 
for the different histological classes of tumours is given in Table 4. The different 
ictal patterns could not be statistically correlated with the degree of malignancy 
ofthe tumours. However, prolonged seizures (lasting longer than ten minutes) were 
observed only in meningiomas. In the majority (46 cases) somatosensory epilepsy 
was the first clinical manifestation of the tumour. Occasionally the epileptic dis- 
order began either with generalized tonic-clinic seizures, or with partial somato- 
motor seizures. Initial examination in a neurology department was considered to 
be normal in 37 patients with cerebral tumours (63 per cent). All the tumours were 
supratentorial: two were callosal (reticulosarcoma, one case; lipoma, one case), 
and the remainder were lateralized. 
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Ес. 18. Frequency of tumours ш late onset epilepsies (age 25 years) in the different types of partial seizures. 
Abbreviations as in Fig. 8. x^ coefficients, calculated with the correction of Yates when necessary, are those 
Obtained by comparing the frequency of tumours in each type of partial seizures with frequency of tumours in 
group of patients with somatosensory seizures. 


Adversive seizures 180 cases 38 tumours =. 21-11% —y7 = 33:8 
‘Jacksonian’ motor seizures 140 cases 47tumours — 33-5775—3? = 11-07 
Partial tonic or clonic motor seizures 654 cases 137 tumours —20-9575,—y? == 53-63 
Whole side motor seizures 237 cases 35 tumours 147T%--x = 58-26 
Sensory seizures (auditory, visual, olfactory, gustatory) 148 cases 35tumours 23-65% —y? = 25:42 
Somatosensory seizures 98 cases 55tumours 56:12% 

Absences of short duration with automatisms 51 cases 8tumours — 15697, — 7 = 20-85 
Psychomotor seizures 177 cases 22tumours 12-43% —y? = 57:58 


Head injury was the second most frequent etiology (23 cases) in our series. 
With three exceptions the injury had been severe, with post-traumatic coma. An 
intracerebral hematoma was surgically evacuated at the time of trauma in 9 patients 
while 7 patients suffered an hemispheric contusion with a contralateral hemiplegia. 
In these 16 patients the mean interval between head injury and onset of the somato- 
sensory epilepsy was thirteen months (min. four months, max. nine years). In 
4 other patients, the epilepsy was caused by post-traumatic atrophy, purely 
cortical, limited to the parietorolandic area in 2 cases, and diffuse in the 2 other 
cases. In the 3 remaining cases, the head injury had been mild, although a subdural 
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haematoma had resulted; 2 patients had been operated on before the onset of the 
epilepsy while in one case, the epilepsy drew attention to the subdural hematoma. 

In most cases of cerebral angioma (6 cases out of 10) the somatosensory seizures 
were associated with other epileptic disorders (somatomotor, auditory, psycho- 
motor, or generalized seizures). The longest somatosensory seizures in our series 
(forty-five minutes) were reported by one of these patients. The angiomas were 
always very large, and in one case only the centroparietal region could be con- 
sidered as undamaged on angiographic data. 

Excluding the 4 cases of post-traumatic atrophy (see above), somatosensory 
epilepsy due to cerebral atrophy occurred predominantly in young patients (less 
than 4 years old in 5 cases), who suffered severe motor and mental sequele as 
a result of acute encephalitis or post-anoxic encephalopathy. Nevertheless, 
cerebral atrophy was diagnosed by pneumo-encephalography in 2 adult patients 
without any previous history of neurological illness. In all cases, pneumoencephalo- 
grams showed diffuse cerebral atrophy, both cortical and subcortical. 

In 3 of the 5 patients classified as vascular, an obvious ischemic lesion of one 
hemisphere was revealed by the history, radio-isotope scans and carotid angio- 
grams. In one 19-year-old female with a past history of tuberculous meningitis, 
a stenosis of the left middle cerebral artery as a cause of right cheiro-oral pares- 
thetic seizures could only be diagnosed tentatively, since the possibility of paren- 
chymatous cicatricial lesions could not be ruled out. In the fifth case a vascular 
etiology for the somatosensory epilepsy had been proposed in a male with an 
atheromatous stenosis of the right internal carotid artery extracranially, after 
elimination by appropriate investigations of other possible etiological factors. 

Failure to determine the etiology in a high proportion of cases may be attributed 
to the limited efficiency of the neuroradiological and isotopic means of investiga- 
tion which were in use during the ten-year period of this study. Thus, some of these 
patients may have small non-malignant brain tumours, despite investigations and 
the, minimal one-year period of follow-up required for the selection (see above). 


DISCUSSION 


Clinical and Pathophysiological Analysis 


Following the classical distinction between ‘simple’ and ‘complex’ somato- 
sensory seizures, our statistical data demonstrate that, in nearly 90 per cent of 
cases, somatosensory epilepsy is characterized by unilateral elementary paresthetic 
seizures of short duration, the hand and the upper limb being involved in most 
' cases. The majority of seizures in our series were of the ‘simple’ or ‘elementary’ 
type, despite the wide range of sensations reported by the patients. Seizures 
characterized by complex somatognostic illusions are rare (10-2 per cent of cases 
in our series). Even in this group of patients the paroxysmal disorders of the body 
schema were often elementary; they never reported such complex hallucinations 
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as those described in all classical reports of parietal lobe epilepsies (Riddoch, 
1941; David, Hécaen, Passouant and Talairach, 1946; Critchley, 1953; Hécaen 
and Ajuriaguerra, 1952; Lhermitte, 1957; Chavany, 1958; Lhermitte and Cambier, 
1964). 

Analysis of the somzsthetic symptoms shows that almost 40 per cent of our 
patients experienced a combination of sensations during the seizures. The interpre- 
tation of such subjective symptoms may be questioned, since the quality and the 
precision of the description largely depend on the cultural level and the emotional 
reactivity of individual patients. This is particularly true for the painful seizures 
during which pain is associated with paresthesiz, thermal sensation, tonic muscular 
spasm, or somatognostic disturbance in most cases. In painful paresthetic seizures, 
even the existence of pain is questionable, ‘the degree of pain being so slight as to 
cause one to wonder if the use of the term is not a misnomer' (Penfield and Jasper, 
1954). Some patients reported a painful cramp with tonic muscular spasm; in 
these cases, we think that pain is a direct consequence of the motor phenomenon, 
and is not of cortical origin, a view endorsed by Penfield and Gage (1934). But 
paroxysmal unilateral pains may occasionally be the only manifestation of a 
cortical lesion of the contralateral hemisphere. Since the first description by Head 
and Holmes (1911) of pseudoneuralgic pains in a patient with a glioma of the 
upper and inner aspect of the post-central gyrus, a few cases of 'pure epileptic 
pains' have been reported in the literature (Penfield and Gage, 1933; Marchand 
and Ajuriaguerra, 1939; Michelsen, 1943; Penfield and Kristiansen, 1951; Whitty, 
1953; Jefferson, 1958; Fine, 1967; Retif, Bribaye and Vanderhaegen, 1967; 
Wilkinson, 1973). In these observations pain is usually described as pseudo- 
neuralgic, causalgic or pseudothalamic. In the latter type concomitant vasomotor 
phenomena may be observed as in Whitty's patient (1953). The sparsity of reports 
of purely painful seizures relates to the extreme rarity of such seizures (1-5 per cent 
in our series; 4 cases of the 85 cases of traumatic epilepsy studied by Russell and 
Whitty, 1953). Their existence is, however, of great theoretical importance, and 
has been quoted as evidence of cortical integration of pain by certain authors 
(Facon, Wertheim and Mestes, 1960; Wilkinson, 1973; Fields and Adams, 
1974). 

The spread of paresthesie beginning in the fingers was restricted to the forearm 
in 40 per cent of our casés, cheiro-oral spread being less common (18 per cent). 
This characteristic, already noted by Sittig in 1925, was interpreted by Lende and 
Popp (1976) as being the consequence of an unidirectional spread of the discharge 
which could not cross the boundaries of ‘coherent functional subunities’ in SI. 
According to Lende and Popp (1976) these functional subunities would be the 
three somatotopic areas representing, respectively, the lower limb, the upper limb 

‘and the face on each primary somatosensory area SI. Such an interpretation would 
be in agreement with the anatomical data of Jones and Powell (1969) in rhesus 
monkeys, since, in these animals, the intrinsic cortico-cortical connections in SI 
respect the independence of these three somatotopic areas. But our series does not 
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support such a concept in many cases, especially when the paresthesie began in 
one lower limb, since the entire ipsilateral half of the body became involved in 
71 per cent of these seizures. 

Most of the non-somatosensory ictal symptoms observed in our patients were 
motor phenomena. Russell and Whitty (1953) had already observed that a sensory 
aura would often progress to motor symptoms and that the converse direction of 
spread was far less common. According to Penfield and Jasper (1954) these motor 
symptoms are the consequence of the propagation of the ictal discharge from SI 
to the somatomotor area 4. In contrast Ajmone Marsan and Ralston (1957), in 
their analysis of Metrazol-induced seizures recorded electroencephalographically, 
tried to demonstrate that the spread of an epileptic discharge on the surface of 
either SI or the primary motor area could produce a combined somatosensory and 
motor seizure. These authors claimed support for this view from the report of 
Penfield and Jasper (1954) which demonstrated that stimulation of motor and 
sensory areas produced, respectively, somatic sensations and tonic or clonic 
phenomena in 25 per cent of cases. Ajmone Marsan and Ralston (1957) considered 
that the primary somatomotor and somesthetic areas can be activated inde- 
pendently of one another during an ictal discharge arising in either of these two 
cortical areas. Such electrical isolation of the primary somatosensory area from 
the primary motor area during epileptic seizures seems surprising in view of the 
strong direct cortico-cortical connections observed in primates between area SI 
and the somatomotor area, and between area SI and the supplementary motor 
area (Jones and Powell, 1969). Moreover, the view of Ajmone Marsan and Ralston 
(1957) is not supported by stereo-EEG recordings of a few somatosensory and 
motor seizures, which demonstrated that motor phenomena only occur when the 
epileptic discharge spreads forward from area SI towards area 4 or towards the 
supplementary motor area on the inner aspect of the frontal lobe (Bancaud and 
Talairach, 1965; Trottier, 1972). The propagation of the ictal discharge to these 
pre-central motor areas results in the three seizure patterns we have observed in 
our series; first, somatosensory and tonic seizures of a whole limb or of one entire 
side of the body when the discharge abruptly invades a part or all the somatomotor 
area; second, somatosensory and motor tonic-clonic Jacksonian seizures when the 
spread of the discharge in the somatomotor area is slow and progressive; and 
third, paresthetic and ‘postural’ seizures of the upper limb when the discharge 

_propagates directly from SI to the supplementary motor area. 

In conclusion, we must emphasize the rarity of visual ictal symptoms during 
somatosensory seizures. This fact, noted previously by Russell and Whitty (1953) 
and by Ajmone Marsan and Ralston (1957), merits attention since in monkeys 
Jones and Powell (1969) did not find any direct cortico-cortical connections 
between somatosensory cortex (areas SI, SII, 5 and 7) and the ipsilateral visual 
cortex (areas 17-18-19-20-21). A comparable organization in man may be the 
reason why an epileptic discharge arising in SI rarely spreads towards the visual 
cortical areas. 
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Localizing Value of Somatosensory Seizures 


The lateralizing value of unilateral simple somatosensory seizures was absolute 
in'our population of patients, since in all cases in which the causal lesion was pre- 
cisely localized, the contralateral hemisphere was found to be damaged. However, 
some excéptional cases of unilateral parzsthetic seizures in patients with lesions 
confined to the ipsilateral hemisphere have been reported (Castaigne et al., 1952; 
Herskowitz and Swerdlow, 1972). In our only case of secondary bilateral seizure, 
the paresthesiz usually followed a ‘circular’ march, as in one of the observations 
of Dechaume et al. (1961): they began in the right hand, then passed up to the face 
and down to the left hand. This patient had a reticulosarcoma of the corpus 
callosum. In none of our cases was a bilateral seizure caused by a unilateral focal 
lesion of the upper aspect of the anterior half of the sylvian fissure where area SII 
is supposed to lie in man (Penfield and Rasmussen, 1950). 

The centro-parietal region was damaged in 67:5 per cent of our patients with 
identified lesions. The most frequent localization outside the centro-parietal region 
was the temporal lobe. The nature of our cases of somatosensory epilepsy, most 
of which were due to relatively large lesions, did not allow us to distinguish between 
pre- and post-rolandic lesions within the centro-parietal region. Such a distinction 
was possible in Russell and Whitty's (1953) series of post-traumatic epileptic 
patients. 

Attempts at more precise correlation of the different ictal patterns with the 
localization of lesions demonstrated that seizures with thermal sensation or pain 
were more frequent when the centro-parietal region was unaffected; but we were 
unable to correlate positively these two kinds of seizure with a localization of the 
causal lesion in the temporal lobe. Lewin and Phillips (1952) described a patient 
who sustained a penetrating gunshot wound in the right parietal region, and 
experienced painful secondary generalized somatosensory seizures beginning 
with a deep gnawing pain in the left wrist and hand. In this patient, electrical 
stimulation of the anterior wall of a diverticulum situated just behind the right 
post-central gyrus, elicited the painful aura. Removal of this part of the cortex 
was followed by a disappearance of pain, although episodes of somatosensory 
seizures persisted. These authors also studied two other patients with lower limb 
amputation and phantom limb or stump pain, who were improved by removal of 
small areas of post-central gyrus. They concluded that in these three patients ‘pain 
is associated with activation of the sensory cortex’. This contention was supported 
by Russell and Whitty (1953) and is supported by our statistical results. However, 
we must emphasize that electrical stimulation of the sensory cortex often fails to 
reproduce spontaneous paroxysmal epileptic pain and seems to be more effective 
in the elicitation of non-epileptic phantom limb pains as observed after amputa- 
tion (Biemond, 1956; Hamby, 1961). On the basis of clinical and anatomical 
correlation in a few patients, painful seizures have been considered as symptomatic 
of lesions of area SII (Biemond, 1956) or of the superior and medial parts of the 
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parietal lobe (Wilkinson, 1973). Penfield and Gage (1933) once succeeded in 
reproducing the paroxysmal painful sensations reported by one of their patients 
by stimulation of Brodmann's area 5. In our series we were unable to correlate 
statistically the occurrence of painful seizures with a lesion of any of these cortical 
areas. 

Similarly we were unable to demonstrate a correlation between the occurrence 
of thermal seizures and lesions of the second somatosensory area, although 
Penfield and Jasper (1954) elicited a sensation of cold by electrical stimulation of 
this area. 

In our series of 13 right-handed patients, 6 had complex somatognostic seizures 
referred to the right side of the body. Five of these patients reported a sensation 
of swelling of the hand with parzsthesiz. These results, despite their small numbers, 
are not in agreement with the pre-eminent role assigned to the minor hemisphere 
in somatognostic integration. It remains uncertain whether a sensation of swelling 
associated with paresthesiz should be considered as a somatognostic disturbance 
or not. In our only case of paroxysmal hemiasomatognosia, the seizures were left- 
sided, as in the case reported by Allen (1954), and concomitant with a rhythmic 
. Slow-wave discharge in the right temporal region. The occurrence of complex 
somatosensory seizures was not statistically correlated with the existence of a 
posterior parietal lesion in our series. This may be due to our small number of 
cases, since stereo-EEG recordings have shown that these somatognostic illusions 
are observed when the epileptic discharge reaches the posterior parietal areas 
(Trottier, 1972, 2 cases). However, very few complex somatosensory seizures have 
been elicited by electrical stimulation of the patietal cortex (one case by Penfield 
and Erickson in 1941, one case by Hécaen and Ajuriaguerra in 1952). 

Thus according to our data the clinical analysis of the ictal pattern does not allow 
a precise localization of the lesion. One ready explanation is that the epileptic 
discharge can originate at a distance from the causal lesion. 


"Etiology 


The high frequency of brain tumours is a remarkable feature of somatosensory 
epilepsy. The percentage of brain tumours in our series (46:5 per cent) is almost 
the same as that reported by Rasmussen (1975) in his population of 134 patients 
operated on for somatosensory or combined somatosensory and motor seizures 
(46 per cent). The incidence of brain tumours in somatosensory epilepsy was found 
to be higher than in any other kind of partial epilepsy in our series. In view of our 
selection criteria this percentage of cases with tumour is probably not an artefact. 
Nevertheless, the lowest values of the x? coefficient were obtained when comparing 
the frequency of tumours in patients with ‘Jacksonian’ motor fits and in those with 
somatosensory fits. Although statistically significant, this difference may be 
questionable; firstly, because a significant percentage of our patients experienced 
either sensorimotor fits or somatosensory and Jacksonian motor fits; second, 
because one cannot be certain of the absence of any brief ictal somatosensory 
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symptoms in all our cases classified in the category of ‘Jacksonian’ motor fits. The 
frequency of brain tumours in somatosensory epilepsy may be compared with the 
19 per cent of brain tumours observed by Rasmussen (1974) in his series of 1365 
patients operated on for focal epilepsy with elementary seizures, and with the mean 
frequency of 14 per cent of brain tumours in our population of epileptic patients 
with any type of partial epilepsy. 

The mean duration of the pre-operative evolution for each histological type of 
tumour was found to be comparable with those reported in other statistical studies 
of epilepsy due to tumours (Penfield, Erickson and Tarlov, 1940; Lund, 1952; 
Le Blanc and Rasmussen, 1974). However, nearly one-third of our patients 
(32:2 per cent) had been admitted to a neurological department more than one 
year after they had their first somatosensory seizure. Better knowledge of this kind 
of epilepsy, and widespread use of non-invasive means of investigation such as 
computerized axial tomography, may allow earlier etiological diagnosis in these 
patients. 


SUMMARY 


A population of 127 patients suffering.from somatosensory epilepsy has been 
selected from a total of 8938 epileptic patients and statistically studied in order to 
give a clinical survey of the seizure patterns and of the natural history of the disease. 
The localizing value of the different types of ictal somatosensory symptoms and 
EEG abnormalities, and the relative frequency of the different etiologies, have 
been analysed with special care. 

In nearly 90 per cent of cases somatosensory epilepsy is characterized by the 
occurrence of ‘simple’ seizures, i.e. elementary unilateral paresthetic seizures of 
short duration involving the hand and the upper limb in most cases. ‘Complex’ 
seizures with somatognostic illusions are exceptional. Ictal motor phenomena, 
including tonic-clonic Jacksonian fits and tonic postural changes, were frequently 
found to follow the paresthesia. The lateralizing value of unilateral simple 
somatosensory seizures was absolute in our patients, but little of significance was 
found on attempting a more precise correlation between type, duration and 
localization of the somzsthetic symptoms and the sites of the lesions. However, 
seizures with thermal sensation or pain were more frequent when the centroparietal 
region was unaffected, and seizures beginning in the foot were specifically related 
to parasagittal lesions. The ictal EEG abnormalities recorded in 19 patients could 
not be correlated with the various patterns of somatosensory seizures. 

Of our patients 46-5 per cent had brain tumours. The incidence of tumours was 
found to be higher in patients with somatosensory seizures than in patients with 
any other type of partial seizures. The only clinical feature which could be corre- 
lated with the presence of a tumour was an increased age at onset of somatosensory 
seizures. The pre-operative evolution of somatosensory epilepsy due to tumours is 
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described. Next to tumours, head injury, cerebral angiomas, and cortical atrophy 
were the most frequent etiologies. 

The pathophysiology and the localizing value of somatosensory seizures are 
discussed. 
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SUBACUTE SPONGIFORM ENCEPHALOPATHY 
(CREUTZFELDT-JAKOB DISEASE) 


THE NATURE AND PROGRESSION OF 
SPONGIFORM CHANGE 


by C. L. MASTERS and E. P. RICHARDSON JR. 


(From the Charles S. Kubik Laboratory for Neuropathology, Massachusetts General Hospital, and the 
Departments of Neurology-Neuropathology, Harvard Medical School, Boston) 


INTRODUCTION 


CREUTZFELDT-JAKOB disease (CJD) is now classified as one of two types of 
subacute spongiform encephalopathy which are transmissible (Gibbs and Gaj- 
dusek, 1973), and is an example of a virus-induced slow degeneration of the brain. 
While the demonstration of transmissibility has become the definitive criterion for 
diagnosis, there remains considerable disagreement over the clinical and patho- 
logical features which permit a diagnosis in the individual case (Traub, Gajdusek 
and Gibbs, 1977). Part of this difficulty arises from a general tendency to identify 
spongiform change with status spongiosus. Failure to distinguish between these 
two terms and to characterize the lesions more precisely has led to considerable 
confusion, particularly in the literature before 1968, when the transmissible nature 
of this disease was first demonstrated (Gibbs, Gajdusek, Asher, Alpers, Beck, 
Daniel and Matthews, 1968). The special significance of spongiform change, as 
being specific for these diseases, has been further emphasized by the neuro- 
pathological features of the experimentally transmitted disease, since all cases so 
far transmitted have produced this change in the experimental animals (Beck, 
Daniel, Matthews, Stevens, Alpers, Asher, Gajdusek and Gibbs, 1969; Masters, 
Kakulas, Alpers, Gajdusek and Gibbs, 1976). Moreover, spongiform change has 
been present in all of the human cases of CJD which have transmitted (Traub et al., 
1977). 

The object of this paper is to re-examine the nature of spongiform change and 
status spongiosus in CJD, to define their light microscopic appearances, and to 
examine the relationship between the distribution and severity of the lesions and 
the duration of clinical illness. 
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MATERIALS AND METHODS 


Seventeen cases (Cases 1-17, Table 1) of CJD were available in the files of the C. S. Kubik Laboratory 
of Neuropathology, Massachusetts General Hospital; four cases (Cases 18-21, Table 1) were obtained 
from the Boston VA Hospital. The criteria used for inclusion of cases in this summary were based on 
a Clinical history of progressive dementia with myoclonus. Representative sections of cerebral cortex, 
caudate, putamen, globus pallidus, thalamus, hippocampus, brain-stem, cerebellum and spinal cord, 
stained with hematoxylin and eosin (H&E), and cresyl violet were available in most instances. After 
labels on the slides had been masked in order to prevent identification of the cases, the degrees, respec- 
tively, of neuronal loss, gliosis and spongiform change were graded on a five-point scale as follows: 
+0) = possible; +(1)= mild but definite; + +(2)= moderate; +-+ --(3) = severe; ++++(4)= 
very severe pathological change (the slides were graded independently by one of us, E.P.R., Jr.). The 
overall score for each area was obtamed by summation of the individual scores of each case, and 
expressed as a percentage of the total score obtained over the total attainable score (Table 2). Summation 
of the scores for each of the three pathological changes in each case was expressed similarly, and was 
used as an indicator of the severity of the pathological change 1n each case (Fig. 3). 

The course of the illness was subdivided into a prodromal phase and a dementing and/or myoclonic 
phase. Although this division was somewhat arbitrary, it was necessary because of the difficulty in 
determining the precise time of onset, which often began with ill-defined neuropsychiatric symptoms. 
The dementing and/or myoclonic phase usually coincided with the time of the first hospital admission. 
The following clinical features, selected according to the criteria of Traub et al. (1977), were assessed: 
behavioural disturbance, higher cortical dysfunction, upper and lower motor neuron signs, basal ganglia 
disorder, myoclonus, cerebellar dysfunction, visual disturbance, seizures and characteristic EEG 
changes. 


RESULTS 


The clinical data are summarized in Table 1. There was no sex bias, and the 
average age at onset was similar to that in the 56 transmissible cases of Traub et al. 
(1977). Prodromal symptoms were usually of less than two months' duration. In 
one patient (Case 11), there was a six-month history of a Parkinsonian-like 
syndrome. Case 21 had a history of alcoholism, and presented with a nine-month 
history of ataxia. Case 15 had the longest duration: thirty-six months. This patient, 
after an initial rapid decline of higher cortical functions with prominent myoclonus, 
remained in what was described as a state of decorticate rigidity for two-and-a-half 
years. Myoclonus developed in all cases, but there was none in which lower motor 
neuron signs appeared. One patient (Case 16) presented with an incidental severe 
hypothyroidism; in this case myoclonic movements were slight and occurred only 
as a terminal feature (Case records of the Massachusetts General Hospital, 1977). 

The EEG showed characteristic periodic sharp-wave discharges in 15 cases. In 
2 cases (Cases 11 and 12), the EEG was reported as abnormal but was not available 
for review. In 3 other cases (Cases 1, 15, 17), the EEG was normal, but these record- 
ings had been taken less than ten weeks after the onset of initial symptoms. 

Initial review of the histopathological sections drew attention to two distinct 
types of spongy lesions affecting the grey matter. First, there was the typical 
spongiform change that was emphasized by Jacob, Eicke and Orthner (1958), Jones 
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TABLE l. CLINICAL FEATURES OF 21 CASES OF CJD (AFTER TRAUB zr at., 1977) 
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21 M 56 9 4 | 


* Data not available. Cases 1, 6, 8, 9, 10, 14 and 15 have been previously reported by Kirschbaum (1968), and 
correspond to his case numbers VI, VH, HI, V, IV, XV and XVI. 


and Nevin (1954) and Nevin, McMenemey, Behrman and Jones (1960), and was 
probably present in Jakob’s original fifth case (Jakob, 1923), This lesion was of 
variable intensity, and is illustrated in fig. 1. This spongiform change was therefore 
defined as the presence of small vacuoles in the neuropil, usually round or ovoid, 
occasionally confluent, and were not within the cytoplasmic soma of any of the 
cells (as seen by light microscopy). These vacuoles were not in a pericellular distri- 
bution. The second type of spongy lesion was that of status spongiosus. This lesion 
was characterized by the appearance of cavitation of the neuropil in the presence 
of a dense glial meshwork. The cavitation was situated between glial fibres, and 
the cavities were of irregular size and shape. This lesion (fig. 2) corresponds to 
what was originally described by Probst (1903), Fischer (1911) and Spielmeyer 
(1922). Both types of spongy state were well seen in H&E stains, but would have 
been easily overlooked in sections stained by the Nissl (cresyl violet) method. 
The results of the quantitative assessment of the overall distribution of the 
pathological lesions are summarized in Table 2. The topographic areas are 
arranged in decreasing order of overall severity. The cerebral cortex was affected 
by neuronal loss, gliosis or spongiform change in all cases. In 4 cases (Cases 1, 
2, 8 and 9) the occipital, frontal or parietal areas tended to be more affected than 
the temporal region. Involvement of the occipital lobes in the absence of lesions 
elsewhere in the cerebral cortex was not observed. In some cases the deeper layers 
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cerebellum from Case 16. Hema- 


FiG. 1. Severe (grade 3 out of 4) spongiform change. a, occipital cortex and B, 


toxylin and eosin. 
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Fic. 2. Status spongiosus with severe gliosis. A, occipital cortex of Case 20 and в, Case 18. Hematoxylin and eosin 
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Fic. 3. Overall pathological scores of degree of spongiform change (A), neuronal loss (B), and gliosis (c) in 
21 cases of CJD (case numbers are indicated in the figs.). The vertical axis is the percentage score (see Methods) 
and the horizontal axis is the duration (in months) of the dementing/myoclonic phase of the illness. 
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of cortex were more involved than the superficial layers, although this distinction 
became less obvious in the longer surviving cases. An occasional feature was the 
relative sparing of large pyramidal cells in the presence of otherwise severe 


neuronal loss. 


TABLE 2. OVERALL PATHOLOGICAL SCORES! FOR REGIONAL AREAS OF BRAIN, 


ARRANGED IN DESCENDING ORDER OF SEVERITY 


Degree of Degree of Degree of 
neuronal loss gliosis spongiform change 

Cerebral cortex 45/84 (54) 52/84 (62) 41/84 (49) 
Dorsomedial nucleus of the thalamus 22/48 (47) 24/48 (50) 10/48 (22) 
Caudate and putamen 19/76 (26) 32/16 (42) 36/16 (48) 
Cerebellum 25/80 (32) 22/80 (27) 24/80 (31) 
Anterior nuclear group of thalamus 7/44 (16) 13/44 (31) 9/44 (22) 
Ventral lateral nucleus of thalamus 4/48 (9) ` 13/48 (37) 5/48 (11) 
Hippocampus 0-5/76 (<1) 3/76 (4) 11/76 (15) 
Globus pallidus 0:5/56 (1) 4/56 (7) 1/56 (2) 
Midbrain 0/60 (0) 2-5/60 (4) 5/60 (8) 
Pons 0/72 (0) 0/72 (0) 0/72 (0) 
Medulla 0/2 (0), 0/72 (0) 0/72 (0) 
Spinal cord 0/52 (0) 0/52 (0) 0/52 (0) 


1 Scores expressed as the total observed over total attainable. Percentage ın parenthesis. The degree of neuronal 
loss, gliosis or spongiform change was graded on a five-point scale, with a maximum score 1n any individual area 
of the brain being 4 (see Methods). The variability in the total attainable scores reflects the number of cases in 
which the appropriate area of the brain was available for examination. The scores expressed as percentages give 
an indication of the distribution of the lesions within the brain, but, as seen in fig. 3, the duration of clinical 
disease must also be taken into account. 
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The dorsomedial nucleus of the thalamus, the caudate, and the putamen were 
the next most affected structures. Gliosis and neuronal loss were prominent in the 
dorsomedial nucleus, while spongiform change was more prominent in the 
striatum. The cerebellum was affected in nearly all cases, the spongiform change 
being found only in the molecular layer. The degree of cerebellar involvement was 
mild in comparison to the severity of the lesions found in the cerebral cortex, 
dorsomedial nucleus of the thalamus and striatum (Table 2). Loss of Purkinje 
cells was not a feature, even in the presence of severe loss of granule cells. The 
dentate nucleus was not affected in any case. 

In the hippocampus, the subiculum was affected, particularly in the longer 
surviving cases. Here, there was a gradual progression of the spongiform change 
and gliosis from the more severely affected neopallial cortex of the temporal lobe 
into the entorhinal area, then subiculum. Ammon's horn and the dentate gyrus 
were not involved in any case. 

No spongiform change was found in the globus pallidus, although gliosis was 
seen in cases of long survival (more than five months after the onset of the dementing/ 
myoclonic illness). A slight spongiform change was found rarely in the substantia 
nigra, superior and inferior colliculi. Definite lesions were not seen in the nuclear 
structures of the pons, medulla, or spinal cord. Secondary corticospinal tract 
degeneration was observed in the longer surviving cases. 

The temporal progression of these lesions is illustrated in fig. 3 where the overall 
severity of each of the three pathological lesions in each case are arranged in order 
_ of survival from the onset of the dementing/myoclonic phase of the illness. In cases 
surviving less than five months the spongiform change is the prominent feature. 
In cases surviving longer, neuronal loss and gliosis predominate. In Cases 2, 10, 
15, and 18, there was no definite spongiform change remaining in the cerebral 
cortex, but status spongiosus was present. In Case 2, moderate (+ +) spongiform 
change was present only in the striatum. In Case 10, spongiform change was graded 
as possible (+) in the cerebral cortex, cerebellum and subiculum. In Cases 15 
and 18, definite spongiform change was not seen in any area. 

In Case 16, the degree of spongiform change may have been abnormally high, 
when compared to the progression of this lesion as seen in the other cases (fig. 3A). 
This case was clinically unusual because of severe hypothyroidism. 


DISCUSSION 


The nosology of subacute spongiform encephalopathy with respect to the 
syndromes described by Creutzfeldt (1921) and Jakob (1921a, b, 1923) has been 
a point of contention, particularly in the English literature since 1954, when Jones 
and Nevin first proposed a new disease entity of subacute vascular encephalopathy. 
The comparatively recent demonstration of the transmissibility of subacute spongi- 
form encephalopathy has, however, tended to support the unitary nature of the 
various clinical syndromes which hitherto had been grouped under the heading 
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of CJD. The possible exception to this grouping is the ill-defined amyotrophic 
form of CJD (Meyer, 1929; Davison and Rabiner, 1940). 

Priorto the demonstration of the transmissibility of this disease, the pathological 
criteria for diagnosis were obscure, particularly because the significance of the 
various types of spongy lesion was not understood. However, with the knowledge 
of the characteristic and consistent spongiform change that is produced in the 
experimental animal (Beck et al., 1969; Masters et al., 1976) it is possible to review 
the pathological changes in the human disease. It is seen from the present study 
that previous authors did not distinguish between spongiform change and status 
spongiosus, and in many instances did not identify the former. This is brought out 
in our evaluation of 7 cases which Kirschbaum (1968) had previously reported. 
Of these 7 cases, all but one, according to our criteria, showed varying degrees of 
spongiform change. In Case 15, where there was no spongiform change, Kirsch- 
baum correctly identified the presence of status spongiosus. Yet in some of the 
other cases (Cases 6, 8, 10, 14), he did not identify either spongiform change or 
status spongiosus. 

The results of the present study demonstrate the differences between spongiform 
change and status spongiosus, and the relationship of these lesions to the duration 
of illness. Spongiform change is the prominent feature in cases dying soon after the 
onset, and decreases in intensity through the course of the illness to the extent 
that it may disappear in cases of long survival. This feature may be of importance 
when a cortical biopsy is examined from a patient suspected of having CJD. Case 16 
in the present series was of interest because the degree of spongiform change was 
possibly increased, when compared to the progression of this change seen in the 
other cases (fig. 3A). The occurrence of severe hypothyroidism in this case raises 
the possibility that the metabolic state retarded the natural progression of the 
spongiform change. 

The variation in degree of spongiform change, occurring in a tempora! sequence, 
may also occur in a topographical distribution. With increasing duration of illness, 
the areas of brain prominently affected with spongiform change in the early phases 
(especially the cortical mantle) may show a diminution of spongiform change, while 
the degree of spongiform change in other areas (cerebellum, subiculum and dorso- 
medial nucleus of thalamus) may increase. In the present series of cases, however, 
this topographical dispersion was not as clearly definable as the overall temporal 
progression. The findings are consistent with the data derived from experimental 
studies (Masters et al., 1976), but a larger series of cases would be required to 
establish the validity of this observation in humans. 

Is the spongiform change pathognomonic? Jellinger and Seitelberger (1970) list 
a number of conditions in which ‘spongy alteration’ occurs, including CJD. These 
encompass the various forms of cerebral *cedema', toxic encephalopathies, meta- 
bolic states such as thiamine deficiency and hepatic encephalopathy, and Canavan's 
disease. They point out that such 'spongy alterations' may progress to status 
spongiosus. In our experience, the spongy alteration seen in these varied conditions 
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is quite different from the spongiform change of CJD. The one condition which 
may cause diagnostic confusion is that of preparative and fixation artefact. Arte- 
factual vacuolation is, however, usually of a pericellular distribution. 

Based on the observations of the experimental and naturally occurring spongi- 
form change as discussed above, and on the observation that a spongiform cyto- 
pathic effect is seen in cultured brain cells in the outgrowth from explanted brain 
tissue (Espana, Gajdusek, Gibbs and Lock, 1976), it is concluded that the spongi- 
form change is pathognomonic. The absence of spongiform change, however, does 
not necessarily preclude the diagnosis of CJD, since, as demonstrated in this paper, 
the specific vacuolation may not be found in cases with exceptionally long duration 
of clinical disease. In such cases, the diagnosis of CJD must rest on a typical clinical 
history, with progressive dementia and myoclonus as prominent features. In the 
final analysis, the definitive diagnosis remains in the demonstration of a trans- 
missible agent by use of nonhuman primate inoculation. In this respect, of the 
21 cases reported in this paper, specimens of fresh frozen brain from 6 cases 
(Cases 3, 5, 12, 18, 19, 20) were sent to Drs. D. C. Gajdusek and C. J. Gibbs Jr. 
of the National Institutes of Health, for inoculation into nonhuman primates. The 
animals inoculated included squirrel, mangabey, capuchin, African green, and 
rhesus monkeys and chimpanzees. All 6 cases were successfully transmitted to one 
or more of these nonhuman primates, with incubation periods ranging from 
fourteen to sixty-six months (Traub et al., 1977). Furthermore, the transmitted 
disease showed spongiform change in all the animals. These results confirm the 
unitary nature of the disease process described in this paper, particularly since in 
Case 18 no definite spongiform change was found. Failure of transmission of 
Case 18 would otherwise have raised a serious doubt on the validity of grouping 
these 21 cases together. 

The relationship between the virus and the vacuolation remains uncertain. 
Ultrastructural studies of the spongiform change localize the vacuoles to neurons, 
dendrites, and occasionally astrocytes (Lampert, Gajdusek and Gibbs, 1971, 
1975). Several groups have reported virus-like particles, but usually not in associa- 
tion with the vacuoles (Vernon, Horta-Barbosa, Fuccillo, Sever, Baringer and 
Birnbaum, 1970; Bots, De Man and Verjaal, 1971; Narang, 1975; De Reuck, 
De Coster, Otte and Vander Eecken, 1976). Also, virus-like particles are not found 
consistently, and are not seen in the experimental infection (Traub et al., 1977). 
The spongiform change therefore remains as an unexplained pathognomonic 
feature in this group of virus-induced slow degeneration of the brain. 


SUMMARY 


In 21 cases of human subacute spongiform encephalopathy (Creutzfeldt-Jakob 
disease), the relative degrees of spongiform change, neuronal loss, and gliosis were 
quantitated, and examined in relation to the duration of clinical illness. Patients 
in whom death occurred less than five months after the onset of progressive 
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dementia and myoclonus had quantitatively more spongiform change than neuronal 
loss or gliosis. In patients who survived more than five months, neuronal loss and 
gliosis predominated, while the degree of spongiform change decreased. A morpho- 
logical distinction was drawn between spongiform change, which is characteristic 
of the spongiform encephalopathies, and status spongiosus, which is nonspecific, 
and characteristically is the manifestation of end-stage gliosis. Spongiform change 
was identified as the presence of small, round or ovoid vacuoles within the neuropil, 
whereas status spongiosus was characterized by irregular cavitation of the neuropil 
in the presence of a dense glial meshwork. The distinction of these two types of 
‘spongy alteration’ may help in clarifying the criteria used in the histological 
diagnosis of subacute spongiform encephalopathy. 
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ACETYLCHOLINE RECEPTORS AND 
END-PLATE ELECTROPHYSIOLOGY IN 
MYASTHENIA GRAVIS 


by Y. ITO, К. MILEDI, A. VINCENT and J. NEWSOM-DAVIS 


(From the Department of Biophysics, University College London, Gower Street, London WCIE 6BT and 
the Batten Unit, National Hospital for Nervous Diseases, Queen Street, London WCIN 3BG) 


IN electrophysiological studies of intercostal muscle taken at biopsy from patients 
with myasthenia gravis Elmqvist, Hofmann, Kugelberg and Quastel (1964) found 
that the miniature end-plate potentials (m.e.p.ps), caused by the release of single 
quanta of acetylcholine (ACh) from the motor nerve terminal, were smaller than 
normal. On repetitive stimulation, -the end-plate potential (EPP) progressively 
decreased in amplitude becoming insufficient to bring the membrane potential of 
the muscle fibre to the critical firing threshold after the first few stimuli, but the 
quantal content of the EPPs was claimed to be normal. Since postsynaptic sensi- 
tivity to carbachol and decamethonium added to the bath solution also appeared 
to be normal these observations seemed to point to a presynaptic abnormality: 
namely a decrease in the amount of ACh contained in the individual quanta. 

Further investigations have cast doubt on this interpretation. Studies based on 
the use of radioactively labelled alpha-bungarotoxin (I'75-o-BuTx), a snake toxin 
which binds specifically and irreversibly to the ACh receptor (AChR), have shown 
a reduction in the number of functional AChR sites in myasthenia gravis (Fam- 
brough, Drachman and Satyamurti, 1973; Green, Miledi, Perez de la Mora and 
Vincent, 1975a). This reduction could account for the physiological defect in 
neuromuscular transmission in myasthenia gravis without the need for postulating 
a primary presynaptic abnormality. 

Anauto-immune basis for myasthenia gravis proposed independently by Nastuk, 
Strauss and Osserman (1959) and Simpson (1960) has been increasingly supported 
byrecent evidence. Antibodies to nicotinic AChRs have been detected in myasthenia 
gravis serum by a variety of in vitro methods and a transient disease has been pro- 
duced in mice by passive transfer with human myasthenia gravis IgG (Toyka, 
Drachman, Griffin, Prestronk, Winkelstein, Fischbeck and Kao, 1977). The 
mechanism by which these antibodies affect neuromuscular transmission, however, 
is still in doubt. 

We have investigated neuromuscular transmission in acquired myasthenia 
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gravis by an in vitro study of myasthenic muscle taken from 20 patients who under- 
went thymectomy at the National Hospital between 1973 and 1976. Electro- 
physiological observations have been combined with studies of AChR function 
using IZ5-o4BuTx, and we relate these results to our previously published data on 
ACh content and release in the same muscle (Ito, Miledi, Molenaar, Vincent, 
Polak, van Gelder and Newsom Davis, 1976). Preliminary results have been 
reported elsewhere (Green et al., 1975a; Ito, Miledi, Molenaar, Newsom Davis, 
Polak and Vincent, 1978). 


METHODS 


Clinical Material 

Twenty patients with myasthenia gravis have been studied. All patients showed the typical clinical 
features of the disease and had shown a positive response to intravenous edrophonium (Tensilon). 
Clinical details are given in Table 1. There were 11 females and 9 males, whose ages ranged from 14 to 
54 years. Most patients had mild or moderate generalized disease (Grade IIa and IIb respectively, 
Osserman and Genkins, 1972), but there were 4 with acute severe disease (Grade IIT) and 3 chronic 
severe cases (Grade IV). Seven cases had thymoma (in Patient 6, a thymoma had been removed eighteen 
months before the onset of myasthenia gravis; the muscle biopsy was obtained at mediastinal re- 
exploration carried out to exclude the presence of residual thymus tissue). Striated muscle antibody was 
strongly positive in one, moderately positive in 3, and weakly positive in 4 cases. Anti-AChR antibody 
(Ito et al., 1978) was present in 13 of 14 patients tested (see Table 1). 

Medication given over the period preceding operation is listed in Table 1. In most cases, no anti- 
cholinesterase treatment was given for ten hours before operation. In one patient, no anticholinesterase 
medication had been taken for four months pre-operatively, and in another the total pre-operative dose 
was three tablets of pyridostigmine (total 180 mg) taken over the period day 4 to day 2 pre-operatively. 
Four patients were receiving alternate day treatment with Prednisone at low dosage. 


Control. Intercostal muscle was obtained from 13 control patients in the course of a thoracotomy. 
Nine of these subjects had carcinoma of the lung but none had clinical signs of neurological disease. Two 
patients were undergoing mitra! valvotomy, in one surgery was being undertaken for achalasia of the 
cardia and in the remaining patient a neurofibroma was removed. Their ages and diagnoses are given 
in Table 2. 


Muscle Biopsy 

All patients gave informed consent to biopsy. In the patients with myasthenia gravis a segment of 
parasternal intercostal muscle from the third interspace was removed from origin to insertion before 
the sternum was split. In the control patients, external intercostal muscle. was removed in a similar 
manner from the anterolateral aspect of the chest wall usually in the sixth mterspace. The tissue was 
placed in Ringer solution at room temperature, bubbled with 5 per cent CO, in oxygen, and transferred 
at once to a laboratory. 


Electrophysiology 

The muscle bundles were examined by conventional electrophysiological techniques (Katz and 
Miledi, 1965). In many experiments neostigmine (10—7-10-5 g/ml) was used to inhibit cholinesterase and 
increase the size of the miniature end-plate potentials. 

For investigation of the effect of «-BuTx on neuromuscular transmission 1n control human muscle 
a small bundle of muscle fibres was dissected, together with its nerve supply, and kept in oxygenated 
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Ringer solution at 34? C. One end of the bundle was fixed and the other attached to a tension transducer 
(RCA 5734). The nerve was lifted into a layer of liquid paraffin and placed on fine platinum electrodes 
for stimulation. In a separate experiment m.c.p.ps were recorded from control muscle during exposure 
to a-BuTx. In some experiments (6 patients with myasthenia gravis and 4 controls) ACh noise analysis 
was performed (Katz and Miledi, 1970, 1972). 


Bungarotoxin Binding 

o-Bungarotoxin was purified from the venom of Bungarus multicinctus (Taiwan and Miami Ser- 
pentarium) by ion-exchange chromatography and gel-filtration (D. Green and R. Miledi, unpublished) 
using a method similar to that of Chang and Lee (1963). The purified toxin was labelled radioactively 
with 1125 (Vogel, Sytkowski and Nirenberg, 1972) using 100-500 ug of toxin and 2-5 mCi of Na Г. 
The radioactive di-iodo toxin had a specific gravity of 10-50 х 10° cpm/ug when counted on the Packard 
automatic gamma counter 5220. 


Incubation and washing. Bundles of fibres, unavoidably containing some damaged or cut fibres, were 
incubated in the labelled toxin in Krebs’ Ringer at a concentration of 1 ug/ml for three to four hours. 
After incubation the muscle pieces were washed in oxygenated Ringer for one to two hours at room 
temperature before being pinned out on Silgard (Dow Corning Corporation) and left in a large volume 
of Ringer overnight in the refrigerator. In some experiments radioactivity in muscle bundles was counted 
in the gamma counter during washing in order to determine the rate of toxin loss during washout. 
Fixation was performed in 2 per cent glutaraldehyde in 70 per cent Ringer for two hours. Small groups 
of fibres or single fibres were then teased and laid on gelatinized glass slides for autoradiography. The 
rest of the bundles were stained for cholinesterase (Couteaux, 1955) and post-fixed in 2-5 per cent 
glutaraldehyde. Damaged or cut fibres were removed as far as possible and clean bundles containing 
between 20-50 fibres were examined under the dissecting microscope. À 2-3 mm segment containing 
all the end-plates was taken for determination of bound toxin by gamma counting. A similar segment 
devoid of end-plates (‘non-end-plate segment") was also counted; 2-10 bundles were taken from each 
incubation. 

Kinetics of toxin binding to human end-plates. The rate and degree of reversibility of toxin binding was 
. investigated by taking similar sized bundles and incubating in the toxin for different periods, or fixing 

the tissue after different washing times. 

Determination of number of fibres in each bundle and number of I'?5-o-bungarotoxin binding sites per 
end-plate. The non-end-plate segment was fixed in osmium, dehydrated 1n alcohol and embedded in 
araldite. Thick sections (1 п) were taken and stained with toluidine blue. The number of fibres ın each 
bundle was then counted and in several patients the circumference of each fibre was determined by using 
a projection microscope and drawing around each fibre at a set enlargement of 1000. The circumference 
was measured with a map reader traced around the profiles. 

The number of toxin binding sites per end-plate was determined by subtracting the non end-plate 
binding from the end-plate binding and dividing by the number of muscle fibres. The non end-plate 
binding per fibre was also determined and expressed as sites/mm/fibre. 


Autoradiography. The gelatinized slides with attached fibres were coated with Ilford Gel emulsion L4 
and left at 4? C for periods ranging from three days to three weeks depending on the specific activity 
of the toxin. Control and myasthenic fibres were almost always exposed simultaneously so that a direct 
comparison could be made between them. The slides were developed with Kodak D-19, mounted in 
DPX (Raymond A. Lamb) and examined with a Zeiss microscope. 

Measurements of end-plates. After measuring the radioactivity of the end-plate containing segments, 
muscle fibres were teased in glycerol and examined with a microscope. The length of the cholinesterase 
stained end-plates was determined by counting the number of adjacent sarcomeres in order to avoid 
complications introduced by different degrees of shrinkage during fixation. Autoradiographed end- 
plates were measured in the same way. 
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RESULTS 


Effects of a-bungarotoxin on Neuromuscular Transmission 


The experiments using o-BuTx to quantify end-plate AChRs were started in 
1973. At that time it was first necessary to ascertain that toxin blocked neuro- 
muscular transmission in human muscle as in rat and frog by binding to the AChR 
(Miledi and Potter, 1971). This was established in vitro by examining the effects of 
the toxin on muscle twitch tension evoked by nerve stimulation, and on m.e.p.p. 
amplitudes. Fig. 1a shows the fall of twitch tension evoked by nerve stimulation 
after exposure to 1 ug/ml of «-BuTx in control intercostal muscle. There was pro- 
gressive decline in twitch tension which began about six minutes after exposure to 
toxin and was complete at twenty minutes. No recovery occurred despite repeated 
washing in Ringer for one hour. Direct stimulation of the muscle caused a normal 
twitch. 

The finding that «-BuTx progressively reduced the amplitude of m.e.p.ps 
(fig. 18) without altering their frequency, and that normal action potentials could 
still be evoked by direct stimulation of muscle fibres after a-BuTx has reduced 
m.e.p.ps to undetectable levels, indicates that the block of neuromuscular trans- 
mission is due to blockage of AChRs. As in frog and rat muscle (Miledi and Potter, 
1971) the rate of decrease of m.e.p.p. amplitude varied considerably at different 
end-plates (see fig. 1B). 
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Fic. 1. The effect of «-BuTx on neuromuscular transmission in control human muscle. a, twitch tension: the 
points represent the mean response to three supramaximal stimuli at 1/s. Temperature 34? C. B, m e.p.p. amplitude: 
the filled circles represent values from one end-plate, the open circles from another. Resting potential 66-73 mV 
Temperature 25? C о-ВиТх was added at time zero 1n each case. 
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10 msec 


FiG. 2. Representative m.e.p.ps recorded from a control muscle (B), Case 10 (A) and Case 11 (c) in Ringer with 
10-5.g/ml of neostigmine. Control m.e p.ps 1n the absence of neostigmine are shown in D. 


TABLE 2. CLINICAL DETAILS AND EXPERIMENTAL DATA ON CONTROLS 


Age Diagnosis 
53 Ca. lung 
62 » 


62 » 

44 Mitral 
valvotomy 

58 


66 Ca. lung 
55 » 


63 ” 

40 Achalasia 
63 Ca. lung 
65 5 

57 5 


61  Neurofibroma 


M.e.p.p. amplitude mV + SD 
corrected to —80mV 


(no. fibres) 
Prostigmine 
No Prostigmine 10-5 g/ml 


0:70-£0-19 (9) 


0-70-10-09 (7) 


0-644 





-0-16 (3) 


1 03-0 22 (10) 


0 8640-15 (3) 
0-94+0-15 (4) 
1 06-£0-05 (3) 


sites per 
end-plate 


(x 10+ s.e.m. 


(no observa- 
fions) 





1 87--0:20 (3) 


1 77--0-32 (9) 
1:9150-14 (5) 
09220 15 (5) 
1-154010 (5) 
1-65+0-48 (3) 


* Ito et al (1976). t Ito, Miledi and Molenaar (unpublished results) 


a-BuTx bmding Length of 


end-plates 
sarcomeres 
(~3p)4SD 
(no observa- 
tions) 








7-07 4-1 46 (30) 
7-96-Е1 7 (24) 


ACh content 

picomoles[g 

(mean of 2-4 
determinations) 
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Miniature End-plate Potential Amplitude 


Examples of m.e.p.ps in control muscles are shown in fig. 2 and the mean values 
in individual control subjects are given in Table 2. In myasthenia gravis many 
m.e.p.ps are small and are lost in the noise of the recording system (figs. 2, 3) and 
prostigmine (10-7-10-5 g/ml) was frequently used to enhance the potentials. 

M.e.p.p. amplitudes in myasthenic end-plates showed a skew distribution 
(fig. 3A) in contrast to the normal distribution at control end-plates (fig. 3B). This 
indicates that many m.e.p.ps were lost in the noise of the recording system and 
helps to explain why the apparent rate of discharge of m.e.p.ps is lower in most 
myasthenia gravis end-plates. The addition of neostigmine had the expected effect 
of increasing the amplitude and time course of the m.e.p.ps (see figs. 2, 3 and 
Table 3) but even after neostigmine a skew amplitude distribution was still observed 
at many myasthenia gravis end-plates. 
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Fic 3. Histograms of m.e.p.p. amplitudes recorded from representative individual fibres: Case 5 (А) and a control 
(B) rn normal Ringer; Case 13 (с) and Case 14 (р) in the presence of neostigmine 10-5 g/ml. 
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Average m.e.p.p. values from patients with myasthenia gravis are listed in 
Table 3. Since the resting potential of the muscle fibres was sometimes low because 
of damage, especially in the myasthenia gravis biopsies, the values given in Table 3 
have been corrected to a resting potential of —80 mV. We found no obvious 
difference in the time course of the m.e.p.ps between control and myasthenic 
muscle either with or without added neostigmine. : 


TABLE 3. EXPERIMENTAL DATA IN MG PATIENTS 


M e p.p. amplitude mV + SD a-BuTx binding sites Length of end-plates ACh content 
corrected to —80 mV (no. fibres) per end-plate Sarcomeres picomoles/g 
Prostigmine (х 10) + зет. (734) + SD (mean of 2-4 
Patient No Prostigmine 10-5 g/ml (no. observations) (no. observations) determinations) 
1 0:24+-0-13 (3) 0-58+0-10 (4) 
2 0-52+0-31 (5) 11-742 9 (14) 
3 0-96+0-13 (9) 17-04-8:3 (33) 
4 0-25+0-04 (3) 14-94-3-9 (9) 
$ 0-27 4: 0-16 (10) 0 284-0 03 (8) 10-5-4- 1-3 (34) 
6 0514-0 15 (5) 
7 0-59 --0 13 (4) 0:70--0:20 (5) 16-92 +2-25 (13) 719+ 
8 0-73--0:13 (14)* 2:39--0:23 (4)* 13-62+2 7 (10) 498+ 
9 0-26+0:1 (4) 0:37 +0-12 (6) 0-644-0-18 (7) 15 94-5-8 (18) 360t 
10 0-19 4-0-04 (5) 0-514-0-11 (8) 13:33 9 (26) 95t 
11 0-26 4-0-10 (12) 0-61 +0-22 (7) 99+1:7 (12) 335ł 
12 0-364-0-02 (3) 791-3 (34) 
13 0-23 4-0-06 (10) 0-234-0-21 (3) 15-24-58 (19) 284} 
14 0-444-0-16 (4) 0-79+0 13 (4) 13-343-9 (25) 2931 
15 0-33 4-0-08 (5) 0-20-+0-14 (6) 15-74:5-6 (11) 7091 
16 0 1740-01 (3) 0 24-40-03 (11) 0 19+0-10 (4) 8-44 1-6 (29) 2791 
17 0-45-E0-13 (3) 1124-2 6 (83) 
18 0-134-0 04 (5) 0-26 4-0 05 (7) 11 144-5 (45) 
19 0-76 4-0-14 (6) 10-17-+3-55 (23) 
20 0-17+0-03 (3) 0-45 +0-09 (6) 17 474-622 (35) 


* DFP 10-5 g/m... t Ito et al. (1976) t P. C. Molenaar and R. L. Polak (unpublished results) 


Acetylcholine Noise 


The action of ACh at the neuromuscular junction is accompanied by fluctuation 
of membrane potential due to random variations in the number of ionic channels 
which, at any time, are open as a consequence of the combination of ACh with its 
receptor. Analysis of these fluctuations in potential provides us with an estimate 
of the amplitude and time-course of the elementary event underlying the action of 
ACh (Katz and Miledi, 1970, 1972). Similar studies on human muscle are important 
to decide whether the small size of the m.e.p.ps in myasthenic muscle is due to 
a reduction in the number of channels opened by a given dose of ACh, or to a 
decreased amplitude of the elementary event which results from the opening of an 
individual channel. 
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Experiments carried out several years ago in collaboration with Sir Bernard 
Katz showed that the amplitude of the elementary event induced by ACh in 
control muscles was 0-3-0-4 «V (at 25? C). Myasthenic end-plates were less 
sensitive to ACh, that is a larger dose of ACh was needed to depolarize the muscle 
fibres, but the amplitude and time-course of the elementary event was similar to 
that of control muscles. In myasthenia, as in normal muscle, the ACh-sensitivity 
was restricted to the end-plate region and its immediate surrounding. 


TD35-Alpha-bungarotoxin Binding 


Control and myasthenic muscle, although usually obtained on different days, 
were incubated in a similar preparation of radioactively-labelled toxin at 1 ug/ml. 
The use of a radioactive gamma counter made it possible to monitor the ‘wash-out’ 
of reversibly bound or loosely attached toxin during the washing period. The 
number of counts in a piece of incubated muscle dropped rapidly during the first 
three to five hours after incubation but after overnight washing the loss of radio- 
activity was much slower. The amount of radioactivity remaining, however, was 
a poor index of the specific *end-plate' binding of toxin. There was an appreciable 
amount of binding, apparently irreversible, to the tendons and to the muscle fibres 
themselves, outside the end-plate region. Only after isolating the end-plate segment 
ofeach bundle of muscle fibres was it possible to assess the level of specific junctional 
binding. ^ 

After the bundles had been fixed and washed, the end-plates were localized by 
cholinesterase staining. The distribution of toxin binding along the length of a 
bundle of 30 fibres from a control patient is shown in fig. 4A where the bundle, 
1-1 cm in length, was chopped into 1 mm segments from tendon to tendon. The 
segment containing the end-plates has a marked peak of radioactivity which is 
represented as binding sites per individual fibre. In fig. 4 (B, C) the distribution of 
sites along two different bundles of myasthenic fibres is shown; the extrajunctional 
or non end-plate binding is very similar to the control but the end-plate peaks are 
considerably reduced. 

The specific binding of «-BuTx to the end-plate was estimated by subtracting 
the amount of toxin bound to an adjacent non end-plate segment of muscle from 
that of the end-plate region. The number of binding sites per end-plate was then 
obtained by dividing this value by the number of fibres. The average results from 
three to four hours' incubation and overnight washing for each subject are included 
in Tables 2 and 3. 

The average number of binding sites for myasthenia gravis end-plates was con- 
siderably reduced compared to controls, the mean values for the two groups being 
0-49 x 107 SD + 0:22 (n = 19) and 1:57 х 107 + 0-34 (n = 10) respectively. This 
difference was highly significant (P — 0-001). (One myasthenia gravis result was 
excluded from these mean values. This biopsy was inadvertently placed in Ringer 
containing DFP 10-5 g/ml, and the binding proved to be higher than that of 
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controls.) The histograms in fig. 5 reveal a symmetrical distribution for the number 
of toxin binding sites in control muscles (fig. 5B) but a skew distribution for 
myasthenia gravis muscles (fig. 5A) similar to that found in the m.e.p.p. amplitude 
histograms. In fact there were a few muscle bundles from patients with myasthenic 
gravis which showed less binding in the end-plate segment than in the non end-plate 
segment, and these values (which are negative since the non end-plate binding is 
subtracted from the end-plate binding, see Methods) have been included in the 
average values given above. 


(x107 ) 


a-BUNGAROTO XIN BOUND 





DISTANCE ALONG MUSCLE FIBRE (mm) 


Fic 4. Distribution of o-BuTx binding sites along the length of muscle fibres from a, a control, B, Case 5 and 
‚ €, Case 9. The segments which contained the end-plates are marked with an arrow. Results are expressed as mean 
«-BuTx binding sttes/fibre in each segment. 


In myasthenic muscle, there was a positive correlation between mean m.e.p.p. 
amplitude in neostigmine and «-BuTx binding (т = 0-71) significant at the 5 per 
cent level, that is, individuals with low o-BuTx binding tended to have smaller 
m.e.p.p. amplitudes than those with higher binding levels (fig. 6). There appeared, 
however, to be no clear relationship between the clinical state, and either the levels 
of «-BuTx binding or m.e.p.p. amplitudes. 


Kinetics of «-BuTx Binding 

The rate at which a-BuTx reduced m.e.p.p. amplitude (fig. 1) suggested that 
two hours at 1 ug/ml of a-BuTx should be more than sufficient to saturate the 
end-plate AChR binding sites. However, because of the small size of m.e.p.ps in 
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Fic. 5. Histograms of a-BuTx binding to end-plates from 20 patients with myasthenia gravis (A) and 10 controls (B) 
Binding to an adjacent segment devoid of end-plates has been subtracted. 
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Fic. 6 Relationship between m.e.p.p. amplitude and a-BuTx binding in myasthenia gravis. The results represent 
the values obtained in the presence of neostigmine 10-5 g/ml and the regression line was calculated by the method 
of least squares The open circle and bars represent the mean plus standard deviations for the controls 
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myasthenic muscle it was impractical to assess the time-course of toxin blockage 
by recording m.e.p.ps. We therefore measured toxin binding in similar bundles 
of muscle incubated in the toxin for different periods-of time, and in others which 
had been fixed before the usual overnight wash. The results for the different 
incubation times are shown in fig. 7. Control muscles had saturated by two to three 
hours and myasthenic muscle from four patients showed no increase in binding 
to the end-plate after three hours. These observations indicate that with the 
incubation used, the reduction in binding is not dueto a slower rate of toxin binding 
to the myasthenic muscle. 
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Fig 7. Kinetics of a-BuTx binding to the end-plate in myasthenia gravis (filled circles) and control muscle 
(open circles); end-plate binding after A, varying the incubation time, в, varying the washing time. Results are 
expressed as a percentage of values obtained with four hours incubation and sixteen hours wash. 


The reversibility of the toxin binding was more difficult to estimate since shorter 
washing times meant higher extrajunctional binding and this made estimation of 
the specific end-plate binding less reliable, particularly in myasthenic muscle. In all 
biopsies, however, we found that the end-plate specific binding was higher if the 
washing time was restricted to 0-4 hours rather than continued overnight. Fig. 7 
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shows the results from 5 myasthenics and 5 controls. In both, the end-plate specific 
binding after a short washing period was about twice as high as that found after over- 
night washing, most of the loss of end-plate binding occurring in the first four hours. 
There did not appear to be any difference between control and myasthenic muscle 
as regards either the rate of loss or the reversibility of toxin binding. Preliminary 
studies show that approximately 70 per cent of the binding at short washout times 
is inhibited by carbachol (10-3 g/ml). 


Extrajunctional a-bungarotoxin Binding and Acetylcholine Sensitivity 


The extent of extrajunctional binding varies from muscle to muscle and was 
dependent on the age of the radioactive toxin and on the condition of the muscle 
fibres. The average non end-plate binding to myasthenic muscle was 0-31 — 0-04 
(SEM) х 10 sites per mm fibre (17 muscles) and in the controls 0:22 +. 0:04 107 
(9 muscles). Assuming a simple cylindrical surface (of circumference 125 и) this 
difference represents only about 7 sites per u? of muscle fibre surface and is there- 
fore approximately two orders of magnitude below the levels of extrajunctional 
toxin binding sites found in rat denervated muscle (Miledi and Potter, 1971; 
Fambrough, 1974). This accords with the lack of ACh sensitivity outside the 
end-plate region (see above). A few attempts were made to reduce the extra- 
junctional binding but there was no consistent change after incubating in the 
presence of either ACh, curare, albumin or sodium iodide. On the other hand, 
ACh, carbachol and curare inhibited the toxin binding at the end-plate by 60-80 per 
cent, so confirming the specificity of the binding. 


Autoradiography and Cholinesterase Staining of End-plates 


End-plates from patients with myasthenia gravis are frequently elongated or 
dystrophic (Cóers and Desmedt, 1959) and it was of interest to see how closely the 
toxin binding followed the cholinesterase staining. Some examples of auto- 
radiograms and cholinesterase stained end-plates are shown in fig. 8 and histo- 
grams of the length of end-plates in fig. 9. The average cholinesterase-stained 
end-plate in myasthenia gravis (see Table 3) varied in length from the control 
values of about 8 sarcomeres (— 3 u/sarcomere) (Table 2) to about 17 sarcomeres, 
with lengths of 20 or more being found frequently in 3 patients (Cases 3, 13 and 20). 
Toxin binding sites followed these values closely (see fig. 9). Autoradiography 
shows that in controls (fig. 8) the toxin binding sites are almost entirely restricted 
to a small, more or less circular, patch 5-10 sarcomeres in length, but in the myas- 
thenic muscles the toxin binding area was often elongated, and the density of 
autoradiographic grains much reduced (fig. 8). Nevertheless there were some end- 
plates where the distribution and density of binding was not grossly different from 
the controls although other end-plates from the same patients were obviously 
abnormal. In others the density of grains was reduced although the size of the 
end-plate was normal (fig. 8). The variation in density and distribution between 
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Fic. 8. Cholinesterase staining and autoradiography of myasthenic and control end-plates. Numerals refer to 
patients in Table 1. 
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Fio. 9. Length of cholinesterase stained and autoradiographed end-plates of some myasthenic and control muscles 
Numbers in squares refer to patients in Table 1. 


different end-plates from the same patients made statistical analysis difficult but 
preliminary observations confirm that the end-plate binding is higher after short 
washing periods. 


Denervation in Myasthenia Gravis : . 


А reported feature of myasthenic muscle is the presence of small angulated 
fibres found in cross-section (Engel, 1974), suggesting partial or chronic denerva- 
tion. However, while counting muscle fibres from cross-sections of araldite- 
embedded bundles we found no clear evidence of angulated fibres, and measurement 
ofthe circumference of approximately 100 fibres from each of 7 controls and 6 myas- 
thenics was made to confirm these observations. The results are shown in fig. 10. 
The distribution is very similar although individual average circumferences varied 
from 110-150 um. In no case was there any evidence of a population of fibres with 


reduced circumference. 
Tetrodotoxin blocks the action potential in human muscle as in other vertebrate 


skeletal muscle. This is illustrated in fig. 11 and preliminary experiments suggest 
that in myasthenia gravis the action potentials are still sensitive to TTX in contrast 
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Fic. 10. Circumference of muscle fibres from А, 7 controls and в, 6 myasthenic muscles (Cases 3, 5, 7, 8, 12 and 14). 





10 msec 


FiG. 11. Block of action potentials in control human muscle by tetrodotoxin. A, muscle fibre in normal Ringer, 
depolarized directly through a second microelectrode, showing one subthreshold and one threshold stimulation. 
в, muscle fibre depolarized to various levels after applying tetrodotoxin 10-5 g/ml Note the absence of action 
potentials. 
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to rat muscle fibres where action potentials become tetrodotoxin-resistant after 
denervation (Harris and Thesleff, 1971). These observations, together with the 
absence of abnormal extrajunctional toxin binding or ACh sensitivity, make the 
presence of denervation in our muscle biopsies very unlikely. 


DISCUSSION 


The effects of a-BuTx which we observed on human muscle demonstrate the 
usefulness of this snake toxin as a probe for AChRs at the human neuromuscular 
junction. The number of binding sites for radioactively-labelled toxin in human 
muscle is similar to that found in other species (Miledi and Potter, 1971; Barnard, 
Dolly, Porter and Albuquerque, 1975; Green et al., 1975a). Although the small 
size of miniature end-plate potentials (m.e.p.ps) made it difficult to determine the 
efficacy of the toxin in blocking transmission in the myasthenic muscle, we found 
no obvious difference in the affinity of the labelled toxin for the receptor in myas- 
thenia gravis. The reversibility of di-iodo-DI5-o-toxin binding which occurs in 
both control and myasthenic muscle during the first few hours after incubation 
has not previously been reported for an intact muscle preparation, but it may be 
related to that which Brockes and Hall (1975) found in solubilized and purified 
rat muscle extracts. Progressive acetylation of a-BuTx has been shown to reduce 
the affinity of the toxin derivative for the end-plate AChRs (Chang, Chen and 
Chuang, 1973a) and iodination of o-BuTx reduced the rate constant for toxin 
binding to AChRs at the frog neuromuscular junction (Green et al., 1975a). It 
may be that di-iodo toxin binding to the human AChR is more reversible than 
binding of the native toxin. Whether this reversibility is accompanied by physio- 
logical recovery has yet to be ascertained. 

The ACh sensitivity of myasthenic end-plates was found to be clearly less than 
controls (see Albuquerque, Rash, Mayer and Satterfield, 1976) and the voltage 
noise analysis indicates that the elementary potential event induced by the com- 
bination of ACh with the receptor is the same in control and myasthenic end-plates. 
This implies that with an elementary event amplitude of about 0-3 uV the miniature 
end-plate potentials are built up of the combined action of some 3000 elementary 
events in control muscle, and only 1000 or less in myasthenic end-plates. Most 
probably this difference arises from a difference in the number of available receptors 
because we found that the reduction in m.e.p.p. amplitude in myasthenia gravis 
is typically associated with a reduction in the number of a-BuTx binding sites in 
the same muscle, and that there is a significant positive correlation between the 
two variables. Moreover the regression line passes close to the mean values for 
our control patients. Thus the decrease in AChRs, as demonstrated by reduced 
«-BuTx binding, could fully account for the decreased effect of each quantum and 
the reduction in ACh sensitivity. 

Quantitative electron microscopic studies have shown that the mean area of 
postsynaptic membrane per nerve terminal is reduced in myasthenia gravis (Santa, 
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Engel and Lambert, 1972) and this might account for some of the reduction in toxin 
binding sites. In some of our patients, however, reduced m.e.p.ps and reduced 
a-BuTx binding have been associated with normal end-plate morphology (un- 
published observations). Moreover, a recent study by Albuquerque et al. (1976) 
correlates electrophysiological findings with the morphological abnormalities. 
These authors also could not adequately account for the reduction in m.e.p.p. 
amplitude solely on the basis of morphological changes, since they found end- 
plates with small m.e.p.ps and reduced ACh sensitivity which appeared to be of 
normal structure. 

It seems unlikely that an abnormal configuration of the AChR in myasthenia 
gravis could account for our findings because analysis of ACh ‘noise’ reveals no 
difference between myasthenic patients and controls and we found binding kinetics 
to be similar to those in healthy muscle. It thus appears probable that the defect 
in neuromuscular transmission in myasthenia gravis is related to a reduction in the 
number of AChRs available to ACh released from the nerve terminals. 

Engel, Lindstrom, Lambert and Lennon (1977) have recently demonstrated 
a correlation between the length of postsynaptic membrane binding peroxidase- 
labelled a-BuTx and the amplitude of m.e.p.ps in four patients with myasthenia 
gravis. It is not clear from their results whether the total «-BuTx binding membrane 
is reduced since they measured the length of peroxidase-stained membranes in 
cross-section and did not quantify the total peroxidase-stained area. The reduction 
in a-BuTx binding which we have demonstrated therefore may be due to a reduc- 
tion in the density of available AChRs or to a reduction in the area of AChR- 
containing membranes. 

The cause of the elongated end-plates and ultrastructural changes which are so 
often encountered in myasthenia gravis is unknown although similar changes have 
been reported in rats treated for several months with anticholinesterases (Engel, 
Lambert and Santa, 1973; Schwartz, Sargeant and Swash, 1977). Reduced m.e.p.p. 
amplitudes and reduced bungarotoxin binding have also been found in rats treated 
for a short period with prostigmine (Chang, Chen and Chuang, 19735). Un- 
fortunately few studies of myasthenia gravis include more than one or two cases 
which have not received anticholinesterase treatment. In our experience of the 
two patients who received little or no anticholinesterase in the previous months, 
one had normal-looking end-plates and the other had moderately elongated ones. 
However, both had reduced toxin binding and small m.e.p.ps. One other patient 
had end-plates of normal size which might equally well be explained by the short 
duration of her disease, or of her anticholinesterase treatment. On the present 
evidence it seems impossible to determine whether elongation of the end-plate is 
secondary to long-term anticholinesterase treatment, or to the neuromuscular 
defect itself. Cóers (1975) has recently published evidence that these ‘dysplastic’ 
end-plates occur mainly in young female patients, and that the *dystrophic' end- 
plates are found in older ones. Most of our patients would come into this lower 
age group. 
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An. increase in the ACh content of myasthenic muscle found in 8/9 patients as 
compared with 8 controls is difficult to explain. The increased ACh could be either 
cytoplasmic or in the synaptic vesicles and may represent a secondary change 
related to the defect in neuromuscular transmission. It is unlikely that the increased 
ACh is in the muscle itself since 74 per cent of ACh in normal muscle is related to 
the nerve terminals (Miledi, Molenaar and Polak, 1977), but this point is difficult 
to exclude with fresh human muscle. The increase in ACh content of myasthenic 
muscle is probably not caused by anticholinesterase treatment since a slight 
increase was observed in one mild untreated case (Patient 16) while in 5 patients 
with congenital myasthenia gravis who were all on anticholinesterase treatment 
no increase was seen (Molenaar, Newsom-Davis and Vincent, unpublished results). 

Extrajunctional o-BuTx binding sites have been found in small or angulated 
muscle fibres taken from patients with peripheral neuropathies or motor neuron 
disease which are associated with denervation (Ringel, Bender and Engel, 1976; 
Drachman and Fambrough, 1976). Moreover long-term administration of 
a-BuTx or curare to block neuromuscular transmission has been shown to result 
in the appearance of extrajunctional ACh sensitivity in rat muscle (Berg and Hall, 
1975). The absence of denervation features in myasthenic muscle is therefore 
surprising since there were many end-plates which were functionally denervated 
at the time of the study, that is, there was no action potential in response to nerve 
stimulation. The presence of extrajunctional AChRs in myasthenia gravis might be 
concealed by the presence of a serum blocking factor (see Ringel et al., 1976) but the 
lack of a population of abnormally small fibres in our biopsies argues against this. 


Immune Basis of Myasthenia Gravis 


What is the nature of the factor responsible for the reduction in functional 
AChRs? Evidence that 'thymopoietin' (Goldstein and Schlesinger, 1975) might be 
the causative factor underlying our observations is not convincing. Goldstein and 
Whittingham (1966) described a disorder electromyographically resembling myas- 
thenia gravis in the experimental animal following induction of an auto-immune 
thymitis, and subsequently Goldstein and Schlesinger presented evidence for a 
thymic humoral agent of low molecular weight (thymopoietin) as the active factor. 
The animals did not show any clinical signs of myasthenia, however, and several 
other groups have been unable to reproduce the experiments (e.g. Vetters, Simpson 
and Folkarde, 1969; Jones, Brennan and McLeod, 1971). 

An autoimmune model of myasthenia gravis can be induced in animals (Patrick 
and Lindstrom, 1973; Heilbronn, Mattsson, Stalberg and Hilton-Brown, 1975; 
Green, et al., 1975b; Lennon, Lindstrom and Seybold, 1975) including primates 
(Tarrab-Hazdai, Aharanov, Silman and Fuchs, 1975) by injection of purified 
AChR. Application of serum from immunized rabbits to neuromuscular prepara- 
tions causes reduced m.e.p.p. amplitude (Green et al., 19756), diminished ACh 
sensitivity (Bevan, Heinemann, Lennon and Lindstrom, 1976) and neuromuscular 
block (Berti, Clementi, Conti-Tronconi and Folco, 1976); these changes are very 
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similar to the findings in the human disease. In rats morphological changes occur 
which are also very similar to those described for myasthenia gravis (Engel, 
Tsujihata, Lambert and Lindstrom, 1976). 

An immune basis for myasthenia gravis, as independently suggested by Nastuk, 
Strauss and Osserman (1959) and Simpson (1960), has been receiving increasing 
support. Serum from myasthenic patients can interfere with «-BuTx bindings to 
the AChR from denervated rat muscle (Almon, Andrew and Appel, 1974) and 
at the human neuromuscular junction (Bender, Ringel, Engel, Daniels and Vogel, 
1975), and circulating antibody to AChRs has been demonstrated in myasthenia 
gravis (Aharanov, Abramsky, Tarrab-Hazdai and Fuchs, 1975; Lindstrom, 
Seybold, Lennon, Whittingham and Duane, 1976; Ito et al., 1978). Serum from 
myasthenic patients can passively transfer to mice a disorder of neuromuscular 
transmission which is electrophysiologically similar to myasthenia gravis, and in 
which binding of labelled «-BuTx to AChR is reduced (Toyka, Drachman, Griffin, 
Pestronk, Winkelstein, Fischbeck and Kao, 1977). In a few instances we observed 
reduction in m.e.p.p. amplitudes in healthy human muscle in vitro in the presence 
of myasthenia gravis serum. More work is needed to assess the significance of these 
preliminary observations. 

Evidence that a humoral factor in plasma plays a primary role in the disorder of 
neuromuscular transmission is provided by the unequivocal clinical remission 
which follows plasma exchange in acquired myasthenia gravis (Pinching, Peters 
and Newsom Davis, 1976). Studies on the effects of thoracic duct drainage in 
myasthenia gravis, which also causes clinical improvement, suggest that the 
humoral factor is in the gamma globulin fraction (Bergstróm, Franksson, Matell 
and von Reis, 1973; Lefvert and Bergstróm, 1976). Recently IgG and comple- 
ment C, have been demonstrated at the end-plate in myasthenia gravis by immuno- 
histochemistry (Engel, Lambert and Howard, 1977) and a marked inverse relation 
has been shown between anti-AChR antibody levels and clinical state during and 
after plasma exchange (Newsom Davis, Pinching, Vincent and Wilson, 1978). 

In conclusion, the principal abnormality in myasthenia gravis is postsynaptic 
rather than presynaptic and is characterized by a reduced number of functioning 
ACbRs at the myasthenic neuromuscular junction. The reduction in the number 
of AChRs probably reflects a genuine decrease in density of the receptors in the 
postsynaptic membrane but morphological changes could also contribute to the 
reduction. An autoimmune destructive process involving anti-AChR antibody 
and C, occurs at the postsynaptic membrane (Engel, Lambert and Howard, 1977) 
and myasthenia gravis serum can increase AChR degradation of culture in muscle 
tissue (Anwyl, Appel and Narahashi, 1977; Appel, Anwyl, McAdams and Elias, 
1977; Bevan, Kullberg and Heinemann, 1977; Kao and Drachman, 1977). The 
extent to which the disturbance of neuromuscular transmission is caused by 
pharmacological blocks of AChRs, destruction of the AChR-containing membrane 
or increase in AChR degradation is still not clear. It seems likely that all three 
mechanisms may play a part, perhaps at different stages of the disease. 
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SUMMARY 


In studies of intercostal muscle taken at biopsy in 20 patients with myasthenia 
gravis, we have demonstrated a reduced number of functioning acetylcholine 
receptors conipared to control muscle, and have further shown that the number of 
receptors is positively correlated with the mean amplitude of the miniature end- 
plate potentials. These findings indicate the presence of a postsynaptic defect in 
myasthenia gravis that is adequate to account for the disorder of neuromuscular 
transmission. 
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NOTICES OF RECENT PUBLICATIONS 


The Basal Ganglia. Edited by MELVIN D. YAHR. Association for Research in Nervous and Mental 
Disease. Vol. 55. 1976. Pp. 500. Price $42.00. 


"The ganglia situated at the base of the brain, still to a large extent retained the characteristic of all 
basements, i.e. darkness’, So wrote Kinnier Wilson їп 1925 after a decade in which he had attempted 
by experiment to reproduce the symptoms of the disease which bears his name. His own meticulous 
correlation of clinical and pathological observations had elucidated the connection between degeneration 
in the basal ganglia and the neurological manifestations of hepatolenticular degeneration. But he 
achieved no further illumination of the functions of the basal ganglia using accurately positioned and 
delineated lesions in animals. One can sympathize with his feelings of frustration and disappointment 

Sadly things do not seem to have improved all that much to this day A recent volume from the 
Association for Research in Nervous and Mental Disease details much of what is now known about the 
basal ganglia. But in the intervening forty-one years, despite great advances in treatment of many of 
the diseases associated with these nuclei, and corresponding advances in understanding their neuro- 
pharmacology, one is still left with a rather nebulous impression of what they actually do. The lack of 
a final chapter entitled, for example, ‘Summary and Conclusions—a Synthesis of Basal Ganglia Func- 
tion' is symptomatic of the unsatisfactory state of our understanding. Presumably nobody felt confident 
enough at the meeting which this volume reports to embark on the explanations which might have 
lightened the darkness of Wilson's basement. ` 

The classic methods of neurology which have yielded so much in other areas have until recently been 
of very little use in the case of the basal ganglia. The impetus to carry out experiments in the nervous 
system usually starts at the bedside with the need to understand neurological disease Nature has been 
remarkably prolific with her own experiments 1n these regions. One is always amazed at the variety of 
ways in which the basal ganglia can be affected, from the excess copper of Wilson's disease to the 
deposition of blood pigments in Kernicterus; through the long-term effects of encephalitis lethargica 
and the congenital deficiency of GABA in Huntingdon's chorea to the accelerated ageing leading to 
deficiency of dopamine in Parkinson's disease; from the, as yet undisclosed, pathology of the dystonias, 
to the extreme sensitivity of the basal ganglia to drugs. They seem to be especially delicate. This volume 
describes the diseases and current approaches to their treatment; but does not attempt any explanation 
for this peculiar vulnerability, or of the symptoms caused. 

In thirteen chapters devoted to clinical aspects of basal ganglia disease there 1s very little discussion 
of the basic problems besetting analysis of their function, which were so clearly outlined in J. Purdon 
Martin's classic The Basal Ganglia and Posture published eight years previously. The diagnostic triad 
of symptoms in basal ganglia disorders, namely, involuntary movements, rigidity, and bradykinesia, 
is associated with widespread lesions of the corpus striatum, globus pallidus, subthalamic nucleus, 
substantia nigra, red nucleus and many structures in between. Unfortunately nature does not make neat 
lesions which respect anatomists' boundaries, so it has proved difficult to associate particular symptoms 
with particular regions. Though it is now almost an article of the neuroscientist's faith, that anatomical 
boundaries localize different functions of the nervous system, perhaps one should anyway bear in mind 
that there is no a priori justification for this. Kinnier Wilson's final view was that there is no localization 
of function whatsoever within the basal ganglia. This nihilism is echoed today by the 'holists' of brain 
science. 
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Small localized lesions actually very rarely do give rise to obvious symptoms, the fact which depressed 
Kinnier Wilson so much. But it is highly likely that this is due to technical problems rather than to 
complete absence of functional localization within the basal ganglia. The great plasticity of the nervous 
system can conceal the normal functions of an injured area by allowing other regions to take them over. 
Subtle deficits in experimental animals can only be revealed by training the animals in tasks designed to 
exhibit the suspected function; and this has very rarely been done. But the most difficult problem with 
basal ganglia disease is conceptual, on account of the nature of the symptoms themselves. Of the triad 
only bradykinesia can be classed as a negative symptom, potentially explicable in terms of the deletion 
of something by lesions of the basal ganglia ; and even that is often attributed more to excessive muscular 
ngidity preventing movement. The other symptoms are positive. Excessive motoneuron discharge 
causing rigidity is 'released' by removal of inhibitory influences which might very well emanate from 
a site well away from the basal ganglia. Similarly basal ganglia disease may release involuntary move- 
ments and tremor 'stored' somewhere else. | 

Unfortunately these problems are discussed very little in this volume. Half of it is devoted to experi- 
mental studies of the basal ganglia. The experiments reported use conventional anatomical, electro- 
physiological and pharmacological techniques in anzsthetized animals. Behavioral or recording studies 
in trained animals hardly receive a mention, despite their clear promise. Anzsthetized animals cannot 
move. Since the diseases of the basal gangha affect the control of movement, techniques for studying 
them in awake moving animals should be very fruitful. Nevertheless such studies have not been included 
in this report The experimental topics that are discussed, however, represent a useful summary of the 
present state of our knowledge. 

The major inputs to the caudate nucleus and putamen (corpus striatum) come from the intralaminar 
nuclei of the thalamus (centromedian-parafascicular) and the cerebral cortex, particularly the associa- 
tion, somatosensory and motor areas. The visual cortex sends remarkably few fibres to the corpus 
striatum, which may well explain the relatively mild disturbance of visually-controlled movements in 
disorders of the basal ganglia. The projection to corpus striatum from cortical areas is roughly topo- 
graphical with much overlap, whilst the projection from the intralaminar nuclet is divergent and profuse. 
The main outflow from corpus striatum is to both segments of globus pallidus. Also it is reciprocally 
connected with the substantia nigra, as is the globus pallidus itself. The radial fibres entering the globus 
pallidus from the corpus striatum show the interesting feature that their diameters decrease by half as 
they course from outer to inner segment. Presumably their conduction velocity decreases by a similar 
amount, but the significance of this is totally unclear. The output from globus pallidus passes to N. 
ventralis lateralis of the thalamus, and thence to the motor cortex. Thus a simplified information flow 
diagram through the basal ganglia would show cortically-processed signals passing to the corpus 
striatum which is reciprocally linked to the substantia nigra. From the corpus striatum signals pass to 
the globus pallidus, which in turn projects to motor cortex via N. ventralis lateralis thalamus. Ana- 
tomically speaking therefore, one should not view the basal ganglia as either wholly motor or wholly 
sensory but sensorimotor, as Teuber points out. The connections suggest that these nuclei might have 
something to do with transforming cortical signals into motor programmes. This idea reminds us of 
another subcortical structure, standing at the interface between sensory input and motor output whose 
precise function is also somewhat obscure—the cerebellum. Its major output is also funnelled into the 
motor cortex via N. ventralis lateralis thalami. Ventralis lateralis thus seems a veritable Clapham Junc- 

-tion of the motor system. It should be a happy hunting ground for physiologists in the future. 

The electrophysiology which is reported in this volume turns out to be rather confusing however. 
Besides confirming the existence of anatomical pathways, conventional electrophysiological techniques 
hope to provide qualitative information about whether pathways are excitatory or inhibitory and 
quantitative information about the magnitude and timing of their effects. In the case of the basal ganglia, 
these simple aims have not been wholly realised as a result of the daunting complexity of the situation. 
Stimulation of intralaminar nuclei or cerebral cortex gives rise to short latency excitatory post-synaptic 
potentials (EPSPs) followed sometimes by inhibitory PSPs probably resulting from recurrent inhibition. 
Stimulation of caudate nucleus usually gives rise to rather long latency IPSPs in globus pallidus and 
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substantia nigra, but sometimes also to short latency EPSPs. The neurons causing these different effects 
are not known. Contrary to widely held opinions the nigrostriatal axons appear to be predominately 
excitatory in their action, as are the pallidothalamic axons. The simple picture which can be drawn from 
this, of cortical and thalamic excitation feeding into the corpus striatum, which inhibits the excitation 
of the thalamus and hence motor cortex by the pallidum, is curiously reminiscent of the scheme which 
J. Purdon Martin deduced from the clinical effects of his patients’ lesions. But the electrophysiological 
findings are so complex in detail that it is probably all too good to be true. 

The most recent addition, again derived from the bedside, to the brain scientist's armoury is neuro- 
chemistry. Patients dying with Parkinson's disease were found to have pale substantia nigra, lacking 
the normal quantity of dopamine in the cells of the pars compacta. Miraculously, as it seemed, adminis- 
tration of the dopamine precursor L-Dopa which will cross the blood-brain barrier, alleviated many 
Parkinsonian symptoms, particularly the akinesia. Sadly the initial miracle is not sustained. New and 
sometimes worse involuntary movements appear after a ‘period of grace’, and the underlying degenerative 
process progresses inexorably, it seems. The new involuntary movements appear to be provoked by 
L-Dopa itself; and an intriguing possibility is that the symptoms are actually the result of dopamine 
induced overproduction of growth hormone which modifies the uptake and the gross and microscopic 
distribution of L-Dopa. 

Though L-Dopa and the vast amount of research that its success has provoked has done a great deal 
for victims of some types of disorders of the basal ganglia, the work has achieved little further under- 
standing of what the basal ganglia actually do. Dopamine is found in the nigrostriatal neurons which 
seem to have excitatory electrical effects on the corpus striatum and globus pallidus, though Ach- 
containing interneurons may be inhibited. It is secreted not only at the axon terminals in the caudate 
nucleus but also from dendrites in the pars reticulata of the substantia nigra. Dopamine seems likely to 
have a self-inhibitory effect, binding to autoreceptors on the same nigrostriatal neurons which release 
it, a sort of pharmacological analogue to recurrent inhibition. A further extraordinary pecularity of 
these cells is that they contain very large quantities of acetyl cholinesterase, which they apparently 
release on activity. Yet they have no certain cholinergic input at all. The functional significance of this 
seeming absurdity 1s anybody's guess. Again pharmacological studies using awake animals seem a 
hopeful way of trying to solve these problems. 

At the moment, however, we do not have the results of such studies; and one is left rather muddled at 
the end of reading a volume such as this, filled with interesting yet ultimately disconnected information. 
In order to alleviate the muddle one still can profit by returning to the old-fashioned technique of 
clinicopathological correlation and the studies of J. Purdon Martin. 

Martin resolved to study initially only the negative symptoms of basal ganglia disease which could 
more reliably be ascribed to areas of damage within them. He discovered that negative symptoms are 
far more widespread than is usually thought. Patients with post-encephalitic parkinsonism formed the 
nucleus of his studies but his observations were extended to patients with idiopathic parkinsonism, 
Huntingdon’s chorea, hemiballismus, and Wilson’s disease as well. His conclusion was that the basal 
ganglia are primarily concerned with the control of posture in all its aspects, from the postural relation 
of the parts of the body with each other to locomotion itself. He attributed the negative symptoms of the 
loss of control over posture to lesions of the globus pallidüs. He viewed positive symptoms, such as 
rigidity and hemiballismus, as the release of exaggerated postural reflexes and came to the conclusion 
that they were dependent on intact parts of the pallidum. So, further pathological or surgical lesions of 
surviving pallidal neurons could paradoxically alleviate positive symptoms such as involuntary move- 
ments and tremor. He was fairly certain that there was localization of function within the pallidum, 
on the basis of functional groupings of postural reflexes rather than somatotopy, because he found 
ample evidence that labyrinthine, visual or proprioceptive reactions could be separately involved. He 
proposed that the subthalamic nucleus (corpus luysii) is concerned in controlling whole body reactions 
to unstable situations as in turning and tilting; so that when it is damaged the repository of these reactions 
in the pallidum is unleashed as hemiballismus. Similarly lesions in the caudate nucleus give rise to cursive 
hyperkinesia (running forward, even into objects, ‘impelled by an irresistible drive’) or milder degrees 
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of locomotor disorder. He attributed these symptoms to failure of caudate control over a set of loco- 
motor programmes deposited in the pallidum: Finally he ascribed rigidity and tremor to loss of contro! 
by the putamen of relevant parts of the globus pallidus. He had no ideas about what part the substantia 
nigra played, but we can now say reasonably confidently that it too controls the putamen and pallidum 
by means of its reciprocal connections with both. 

In summary, Martin believed that the globus pallidus is a repository for programmes causing postural 
reactions, and that normally these are controlled by inputs from other parts of thé basal ganglia; and 
as we have seen, so far as it goes, the electrophysiological evidence is consistent with this. His views are 
worth describing 1n detail because they are based on meticulous clinical observation and correlation 
with necropsy material; and they offer a coherent hypothesis about the functions of the basal ganglia 

. explaining why lesions cause the symptoms they do. It is interesting that they echo the ideas of German 
neurologists of the 1920s such as Vogt and Kleist who thought that the basal ganglia were the repository 
of 'automatisms'. 

There is a rather glaring deficiency in the story, however; and that is the question of their role in 
voluntary movement. Martin considered that any effect which disease of the basal ganglia had on 
voluntary movement was the result of failure of the postural reactions necessary to support it. Because 
the positive symptoms could be eliminated by pallidal or thalamic surgery without interfering unduly 
with voluntary movement, he considered that voluntary movement used entirely different pathways. 
It must be admitted, however, that the results of surgery are highly unpredictable, and often do in fact 
lead to disorders of voluntary movement. Also akinesia can be associated with little or no postural 
deficit or rigidity. So akinesia should be viewed as a primary symptom of basal ganglia disorders, ang 
not merely a consequence of postural disturbances. 

There is no reason why the role of the basal ganglia should be confined to automatic postural reactions, 
however. Denny-Brown concludes his chapter with the view that lesions of the basal ganglia delete the 
activating ‘sets’ necessary for all movements, whether postural or voluntary. And this is the view taken 
by Kornhuber who sees the basal ganglia as generators of function for slow pursuit movement. All these 
concepts have one thing in common: the idea that the basal ganglia are a site for assembling internal 
programmes directing movement. 

It is easy to forget that, apart from the simplest reflexes, movements require far more than just a 
sensory trigger to start them off. They need a sequence of signals from some internal source which will 
move the part to its new position without the help of further peripheral stimuli. Such programmes must 
exist in the spinal cord and brain-stem for many reflexes. But it seems possible that for more complex 
postural reactions and for voluntary movements they reside within the basal ganglia. The programmes 
are likely to be rather stereotyped and would of course need the co-operation of other regions, most 
notably the cerebellum and motor cortex, to convert them into normal movements. 

I am suggesting therefore that all complex movements, whether automatic or voluntary, require 
internally-generated sequences of signals as well as peripheral feedback for their execution. This would 
help explain why all types of movement can be affected by disorders of the basal ganglia. However, the 
class of movements known as ballistic are the easiest in which to appreciate the importance of auto- 
nomous programmes. 

In executing movements the CNS uses two different modes of control. For slow ‘pursuit’ movements 
the limb is automatically locked onto its target by a system which minimizes the mismatch between 
limb and target. This mismatch is continuously computed from information fed back from the periphery 
about the progress of the movement. For such movements internally-generated programmes generated 
within the basal ganglia would not be so important. But for rapid movements where continuous feedback 
would be too slow or for movements not directed towards a particular target (for instance, expressive 
movements) another strategy is employed. The programme for the movement, derived from the position 
of the external stimulus, a memory of where it was, a prediction of where it might be or a ‘mental image’ 
of where the limb is to go, is elaborated before the moverent even starts; and unfolds substantially 
unaltered whatever events occur during its execution. For this reason it is called ballistic control, since, 
like the bail leaving the mouth of a cannon, nothing can be done to alter its flight once it has started. 
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Movements taking less than one-third of a second and those in which there is no external target seem 
to be controlled in this way. Clearly the basal ganglia are most likely to be involved in such ballistic 
movements if the foregoing analysis is correct. So future studies in patients and in unanesthetized trained 
animals should concentrate on comparing the effects of lesions and the physiological and pharmaco- 
logical behaviour of the basal ganglia during ballistic and pursuit-type movements. Already a start has 
been made in this direction and the results appear promising. Flowers (Brain, 101, 35-52) has shown that 
patients with Parkinson's disease are particularly bad at visual tracking when the target is temporarily 
blanked and the subjects have to predict where it has gone. Brooks' group in Canada has shown that 
local cooling of the globus pallidus in monkeys trained in a tracking task has a much more pronounced 
effect when the monkey is deprived of visual feedback to help him. In neither instance do control subjects 
find the movement any more difficult with or without visual aid. So both these observations are fully 
consistent with the hypothesis that the basal ganglia generate programmes for movement control 
independently of sensory feedback, and offer tantalizing glimpses of what the future may hold in store. 


J. F. STEIN 


Handbook of Sensory Physiology. Vol. 5, Part 3. Auditory System. Clinical and Special Topics. Edited 
by W. D. KEDEL and W. D. NErr. 1976. Pp. 811. Berlin: Springer Verlag. Price DM 288; $94.50. 

The first two volumes of this series, dealing with the structure and healthy function of the auditory 
system, attained a recognizable anatomical, physiological and behavioural unity of purpose. But this, 
the third and last, falls somewhat short of that happy state as, no doubt, its own sub-title may hint. 
And this is a great pity, since the practising otologist struggles along in need of all the help he can 
get and is prepared to use. 

The book begins very well. Hallpike writes a scholarly article on the nature and clinical investigation 
of sensorineural deafness, particularly with respect to loudness recruitment and similar derangements 
of the loudness function. He finally reminds us that the pure tone audiogram alone may be a poor 
diagnostic tool and this is of course true. In contrast many of us must have encountered psychological 
assessments of the nature of aphasias being done without even that minimal investigation. It is a shame 
that Hallpike, who writes so well, had not also dealt with the limitations of speech audiometry too. His 
selected references span the last fifty years of work. The most recent is from 1971 and since from other 
evidence it seems that the editorial office needed manuscripts by late 1975 or early 1976 there is no 
doubt that Hallpike had actually had time not only to read but also to assess the works he quotes. This 
shows in the balance and authority in his review. 

There follows a chapter by Tonndorf on bone conduction. The investigation of hearing via that route 
is of course particularly important in diagnosing sensorineural deafness and a noble attempt is made 
to clarify what is an extreme complication 1n even the major ways by which the vibrating head eventually 
leads to a vibrating basilar membrane. My clinical friends will not be offended when I suggest that the 
mathematical equipment needed fully to understand these linkages is not given to us all: so here perhaps 
is the first of the undefined ‘special topics’. This one is quite close to clinical practice and Tonndorf's 
summary, page 79 onwards, of the final consequences of all the mechanics, is well within the reach of 
a general understanding and essentially points out what is really happening in the Weber and Rinné 
tests. Let us be grateful for their practical efficacy in the face of such theoretical complexity. 

If Tonndorf’s article has some clinical relevance, this is very hard to find in Geislers’ on mathematical 
models of the mechanics of the inner ear. Most otologists and not a few engineers will find this one very 
hard going and the clinicians, who least of all need to be told that the cochlea is complicated, will find 
little resolution of their difficulties there. Steele’s article on cochlear mechanics must also be ‘special’ 
with its multiple integrals eventually showing that ‘the cochlea is by no means representable by a simple 
wave equation’; only the purest of pure physiologists would dare to consider its behaviour linear. But 
apart from a useful phrase or two like that, in the prose between the equations, these two articles would 
have been very much less out of place in the earlier volumes. 
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Hallowell Davis introduces electrical response audiometry (ERA) with special reference to vertex 
potentials. His article may be well liked by clinicians beginning to be interested in the possible uses of 
ERA. He has a variety of useful tips and surveys the field from 1935 to 1972 calmly and not over opti- 
mistically. The problem of whether a neonate with a normal ERA can necessarily hear normally, in 
its fullest sense, is of course not easily resolved and Davies sensibly does not try to do so. 

But then the floodgates open. Keidel, a pioneer in the field, it is true, gives us 125 pages on the physio- 
logical background to ERA plus a total of 606 references, 523 of them from the 1960s and 1970s, one 
from the year of publication of this volume (in preparation) and even one (Montandon et al., p. 223) 
alleged to be from 1985! There follow another 75 pages on ERA, on clinical experience by Zöllner and 
Strange, and on habituation and attention in ERA work by Picton, et al. There 1s also a later chapter 
by Eggermont on the more peripheral but conceptually related, though invasive, techniques of electro- 
cochleography. This in a further 79 pages. 

Inevitably an explosion in the literature on such techniques has followed with not too great a lag the 
development of automatic computational techniques that allow small signals to be pulled out from the 
noise, But, and perhaps therefore, there is very much the impression in these accounts of critical indiges- 
tion following a too rapid intake of numbers and graphs. They will no doubt help the jobbing research 
otologist by encompassing, if in nearly 40 per cent of this volume, the much more vast output of original 
papers on these topics. But until it is actually decided what in fact it is worth while to measure in ERA 
the clinician will be little helped in assessing its routine clinical value by catalogues of all attempts. 
When the happy day arrives that matters are better understood, the all-purpose computer which frightens 
the otologist —and he is not alone— will be set aside and a less flexible but more specialized black box 
containing appropriate microprocessors will be available to him. In will go the signals and out may 
come one or two numbers as useful in auditory diagnosis as are the two or three readings from a sphygmo- 
manometer to the cardiovascular specialist. But not yet. 

An article of immediate clinical utility is Hawkins' on drug'ototoxicity and vestibular toxicity. This 
deals particularly with the aminoglycosides and the problems in balancing their antimicrobial virtues 
against their cochlear damage. He also describes the auditory perils of ethacrynic acid and furosemide 
and underlines the particular dangers of using these diuretics together with the aminoglycosides. These 
matters are also referred to in an earlier chapter by Wigand who points out relationships between vesti- 
bular disorders and accompanying nephritis that are not just attributable to drugs used in the renal 
treatments. 

Clinico-legal considerations presumably inspired much of the work that leads to Connor and Rud- 
mose's detailed article on community responses to noise and probably also to Gierke and Parker’s 
studies on infrasound. Nevertheless to those of us who are not too close to those fields there is some 
fascinating data here that often illuminates the pure science. 

Only marginally related to the clinic is de Boer's 106-page monograph (Chapter 13) on the residue 
and auditory pitch perception. Those most interested in using these peculiar sounds to disentangle the 
problems of hearing the real sounds of nature are unlikely in these days of high book prices to buy this 
clinically biassed volume for that article alone. Likewise the clinician may feel cheated that 14 per cent 
of his DM 288 is devoted to the highest flights of the nonlinear psychophysics of pitch perception. 
Volume 2 was probably the place for it. 

What de Boer's article does do is to underline the most glaring gap in our knowledge of the auditory 
system, i.e. in deciding what it is that comes out in the eighth nerve that is actually used in hearing. 
Essentially we do not know; though there are some clinicians who are prepared to stimulate the auditory 
nerve in man with implanted electrodes in the hope of finding a useful prosthesis for those deafened by 
cochlear damage. Simmons describes some of this work, and his chapter is followed by an assessment 
by Gerken of the utility of observing the behavioural responses of animals to electrical stimulation of the 
auditory system. 

Most auditory physiologists accept today the existence of a tightly tonotopic functional organization 
throughout the auditory pathways. This is not altogether surprising, considering the retinotopicity of 
the visual system and the analogous somatotopicity for tactile sensation. Spatial organization on the 
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retina has to do with objects in the outside world. The fields of the cutaneous receptors and the somato- 
topic pathways are concerned with spatial analysis of external objects touching the skin. But on the 
internal carpet of mechanoreceptors of the basilar membrane it is frequency that has a lot to do with 
the spatial pattern of the receptors' excitation and auditory tonotopicity and frequency analysis is the 
‘place theory’ analogue of the other two systems’ preservation of pattern in their own functional analysis 
of external place. This tonotopicity is strictly preserved and elaborated from the cochlea onwards to 
the middle layers of the primary auditory cortex. It is unlikely that it can be mocked, as it is by gross 
stimulation of the auditory nerve with a few electrodes. One predicts that only a relatively trivial auditory 
benefit can be expected in the near future from such devices until tonotopicity can also be fully exploited. 

There is in fact no mention in the whole of this volume of Merzenich and associates’ meticulous 
studies of the tonotopic cortex between 1973 and 1975. Clinicians are therefore recommended to study 
a recent summary of the matter. (Merzenich et al., 1977. Some basic features of the organization of 
the central auditory nervous system. In: Psychophysics and Physiology of Hearing. Edited by Evans 
and Wilson. Academic Press.) The devil's advocate will reply that this is too recent to assess properly; 
nevertheless what has so far been found should be a powerful inhibition to undue optimism about 
present cochlear implants in man. 

In conclusion, this volume, though mixed in its appeal, containing some strange bedfellows and 
lacking some matters of important clinical interest (for example, the epidemiology and embryology of 
disorders of audition) is nevertheless stimulating. There should be a place for it on the shelves of any 


serious otological department, clinical or research. R. H. KAY 


Hypothalamic Peptide Hormones and Pituitary Regulation. Edited by J. С. PORTER. Vol. 87 of Advances 
in Experimental Medicine and Biology. 1977. Pp. 366. New York and London: Plenum Press. 
Price $39.00. 


The book contains the Proceedings of the Third Workshop Conference on Neuroendocrinology held 
during November 1976 in Bethesda. New aspects of the function of peptide hormones are prominent 
in the various lectures. Thus the multiple sites of occurrence and formation of releasing factors, initially 
presumed to be entirely of hypothalamic origin, have led to assigning various central and peripheral 
actions to these substances; furthermore, there are the surprising changes in activity produced by 
peptides which break up into fragments exhibiting agonist, antagonist, or completely new properties. 
Much emphasis is laid on interaction of peptides and brain amines. New therapeutic hopes are raised 
by the possibility of synthesizing releasing factor analogues which can act as antagonists. 

There is yet another direction in which our thinking will have to be re-orientated : whereas it has been 
known for many years that the direction of the blood flow in the hypophyseal portal vessels is directed 
from hypothalamus to the distal lobe of the pituitary, another group of vessels situated in the sub- 
ependymal plexus of the stalk, bringing blood from the neural lobe towards the brain, has been shown 
of equal functional importance. Porter and co-workers had the idea of introducing a cannula pointing 
towards the median eminence into a portal vessel. They compared the concentrations of LH, TSH, ACTH, 
prolactin and vasopressin in the portal venous blood with that in arterial blood and found the concentra- 
tions in the former invariably very high. This ‘retrograde’ transport of pituitary hormones permits 
agents from the neural lobe to influence the distal lobe, and all pituitary secretory products to reach the 
brain without first being diluted or trapped in the peripheral circulation. 


This thought-provoking volume will be of interest to a wide and varied readership. MARTHE VOGT 
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Biochemical Correlates of Brain Structure and Function. Edited by A. N. Davison. London: Academic 
Press. 1977. Pp. 345. Price £14.00; $27.35. 


This book contains nine reviews, by different authors, of recent developments in neurochemical 
research. All are concerned primarily with the interrelation of structure and function, but implications 
for future work abound, and there are many indications of possible clinical applications of this new 
- information. The book begins with three chapters in which the role of metabolic factors in brain develop- 
ment is reviewed. The critical role of ribonucleic acid metabolism receives particular emphasis. For 
neurologists and psychiatrists Crow’s account of the structure and function of monoaminergic pathways 
in the central nervous system is especially useful in view of the increasing relevance of such information: 
in clinical practice. Dopamine, noradrenaline, adrenaline, and serotonin are discussed in relation to 
their role as central neurotransmitters. In recent years it has been shown that cerebral blood flow is 
determined by underlying local changes in intermediary metabolism. These are discussed by Siesjé in 
a well-organized review of the physiologically important factors regulating the supply of oxygen and 
glucose, and the relation of metabolic rate to the metabolic state of the brain. Finally, three chapters 
deal with various aspects of behavioural neurochemistry. Brain peptides, first described in relation to 
pituitary function, are discussed in the wider context of their role in memory processes in the rat, and 
the wider problem of the biochemistry of learning and memory receives critical consideration; ‘what 
biochemistry can at best provide is a description of learning, its explanation in molecular terms, but 
not its prediction or control’. The ancient and mysterious problem of sleep forms a fitting last chapter. 
Here again, brain peptides are important. Like all biochemical treatises the book abounds in cryptic 
symbols and abbreviations, but these are all properly explained for the uninitiated and the book, 
throughout, is concerned with principle rather than detail. Although the book is primarily concerned 


with brain biochemistry in species other than man, it should be widely read. Mi des 


Handbook of Clinical Neurology. Edited by P. J. VINKEN and G. W. Bruyn. Vol. 24. Metabolic and 
Deficiency Diseases of the Nervous System. 1977. Pp. 570. Amsterdam: North Holland. Price 
Df. 209.00. 


This volume completes the group of three dealing with metabolic and deficiency diseases of the 
nervous system. The first chapter covers the effects of nutritional deprivation on the developing nervous 
system, a topic familiar to British neurologists particularly through the work of Dobbing. In the second 
chapter Moser considers aspects of amino acid metabolism which are of particular significance to nervous 
function. The major content of the book is found in subsequent chapters dealing with a wide range of 
hereditary metabolic disorders affecting the nervous system. Familiar subjects include phenylketonuna, 
maple sugar and Hartnup diseases, the lipidoses, Lesch-Nyhan syndrome and disorders of fructose and 
galactose metabolism. Less familiar disease states are amply dealt with, and there 15 a comprehensive 
review of Reye's syndrome. The work concludes with chapters by Aquilonius and Fahn on central 
nervous transmitters and Hornkiewicz on biogenic amines in the nervous system. Paediatric neurologists 
will find the volume a valuable work of reference; it does not lend itself to sequential reading in the way 
some earlier volumes have done so successfully. Clinicians working with older patients will find less 


to appeal to them. R. A. HENSON 


Handbook of Clinical Neurology. Edited by P. J. VINKEN and С. №. Bruyn. Vol. 31. Congenital 
Malformations of the Brain and Skull, part IT. Pp. 642. Amsterdam: North Holland. Price Dfl. 245.00. 
Volume 31 of the Handbook is the second of a series on congenital malformations of the brain and 
skull. The editors explain that the book has been published in advance of Volume 30; they also defend 
the inclusion of topics covered in earlier volumes. Thus, there is an excellent, but relatively brief, chapter 
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on the phakomatoses and a lengthy piece by Lagos on vascular anomalies in infancy, childhood and 
adolescence. While this latter chapter 1s helpful it is inevitably repetitious in several parts. On the other 
hand, the sections dealing with congenital tumours and ‘congenital arachnoid’ cysts are extremely 
valuable. Cox and Ray give an account of the human chromosomes and their aberrations, while Zell- 
weger and colleagues provide authoritative descriptions of Down's syndrome and other chromosomal 
aneuploides. Other chapters deal with the effects of various intra-uterine infections, growth deficiency 
syndromes and skeletal anomalies with neurological malformations, and these are comprehensively 
informative. ‘ 

R. A. HENSON 


Aging and Dementia. Edited by W. LYNN SMITH and MARCEL KINSBOURNE. 1977. Pp. 256. New York: 
Spectrum. Price £11.25. t 


Currently dementia is regarded as an inevitable and permanent disorder making its diagnosis almost 
synonymous with ‘no treatment’, 

It is estimated that about 10 per cent of the population over 65 years old are affected and with extended 
longevity the problem is exacerbated. The factors distinguishing senescence from senility thus become 
of more than academic interest. The question as to whether or notsenile dementia 1s simply exaggerated 
aging or if it is a distinct pathological process is a major theme in the book. 

In his review of morphological changes in dementia and old age, Tomlinson concludes that loss of 
neurons rarely accounts for dementia and other changes interfere with cerebral function. Chapters on 
vascular disease and on radiographic morphology of cerebral atrophy are highly relevant to this hypo- 
thesis. The recent work suggesting that in dementia there is a selective loss of neurons or synapses is 
not discussed. Only about one fifth of cases can be attributed to arteriosclerosis. In addition, as indicated 
by Gajdusek and his colleagues, in a long authoritative chapter, the rare Creutzfeldt- Jakob disease 15 
a transmissible slow virus form of dementia. Of 35 patients with Alzheimer’s disease, 2 with a familial 
history proved to be atypical cases of transmissible virus dementia but here the Creutzfeldt-Jakob agent 
may be acting as a secondary pathogen. Otherwise the etiology of Alzheimer’s disease remains obscure 
Besides dealing with some of these topics, other contributors review some of the intriguing information 
about the behavioural correlates of aging and mental disorder. 

This is an interesting, readable and thoughtful book which can be recommended to those concerned 


with the general problems raised by the aging of the human brain. A. М. DAVISON 


. Neurological Classics in Modern Translation. Edited by D. A. ROTTENBERG and Е. Н. HOCHBERG. 
Pp. 324. New York: Macmillan. Price $22.50. 


The neurological classics contained in this book derive from continental Europe, not Europe in the 
contemporary sense of the term. The editors have sought to provide ‘English-speaking’ medical students, 
physicians and surgeons *with ready access to some of the most significant—and, in several instances, 
most controversial—contributions of nineteenth and twentieth century European neurology'. Sections 
on morphology, presenile dementia, alcoholic dementia, myoclonic dementia, dysphasia, dyspraxia and 
disorders of the body image, pain and sensibility, spinocerebellar degeneration, narcolepsy and infectious 
polyneuritis are introduced by American neurological scientists. 

The papers selected for inclusion have been well chosen, but as Raymond Adams remarks, ‘one may 
discover that the original description was so imprecise that even when accurately reproduced or trans- 
lated it is impossible to decide what was being described'. Thus, E. P. Richardson, in his introduction to 
Creuzfeldt's and Jakob's papers, suggests that the reader can decide whether either of them described 
CJD. However, it is a rewarding experience to read or re-read these seminal works, for example Cajal's 
(1892) ‘New concept of the histology of the central nervous system’, Pick and Alzheimer on presenile 
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dementia, Wernicke on his disease, and Guillain, Barré and Strohl's short initial description of Guillain- 
Barré Syndrome. Liepmann's (1900) account of his examination of an apraxic patient still impresses 
as an example of the careful way in which German neurologists explored the neuropsychological aspects 
of a case. There are even flashes of humour to reward the diligent reader; Wernicke's Case 2 was an 
*. . alcoholic Scots piano teacher, who called himself a professor’, while the story of Gélineau's Case 1 of 
narcolepsy contains a moral more popularly associated with British literature of the time (1880). 

This book is recommended to all neurologists unfamiliar with the early continental Buropean neuro- 
logical literature in the original. British neurologists, though perhaps only the more ancient ones, still 
turn to Gowers' (1886) with enlightenment, and they can also bencfit from Doctors Rottenberg and 
Hochberg's enterprise. Translations have not been checked against the originals by this reviewer, but 


they read well. The publication is handsome and the price reasonable: KA: " 


Radiologic Anatomy of the Brain. By С. SALAMON and Y. P. HUANG. 1977. Pp. 404. Berlin: Springer. 
Price DM 360.00. 


The Departments of Radiology at Hópital de la Timone, Marseille, Mount Sinai Hospital and 
School of Medicine of the City University of New York have combined to produce a lavish and beautiful 
book of anatomy especially suited to clinicians and to neurophysiologists. Academic anatomists may 
also find it very interesting because, among many other facets, they will find chapters relating the intra- 
cranial arteries and veins to the macroscopic features of the brain in a more detailed way than is given 
in standard texts. This sort of anatomy is well based on radiology and has been elaborated by three 
generations of neuroradiologists. 

Throughout the book it is the inter-relationships of structures that have been emphasized, attention 
is constantly drawn to how the cortical sulci relate to the skull, the arteries to the sulci, the vessels to 
the ventricles and cisterns and the section to its superficial orientation. It is full of helpful diagrams and 
extensively labelled photographs and radiographs. It is an essential reference book for every neurology, 


neurosurgery, neuroradiology and neurophysiology department. DOTOVAT 


Language. Its origin and its Relation to Thought by F. R. H. ENGLEFIELD. Edited by G. A. WELLS and 
D. R. OPPENHEMER. 1977. London: Elek/Pemberton. Рр. 192. Price £6.00. 


In the days when one spoke of philology, a number of brilliant, well and clearly written volumes were 
published and acclaimed for their wisdom, profundity and their wit. Where are the modern counter- 
parts? With its aggrandisement into linguistics, the subject began to alter sadly and has led to con- 
siderable confusion in thinking, and still more in expression. Gobbledeygook became the occupational 
affection of those who set out as specialists in the phenomena of language. In their pride many sought 
to ally linguistics with logic, psychology, phonetics, philosophy, neurology, and even mathematics. 

It is long since one has read such a sensible little monograph, written with due respect to the Queen's 
English, as Ronald Englefield's present study. The author, unfortunately no longer living, is admirably 
introduced to us in a charming fashion by two eminent admirers, namely Professor G. A. Wells and: 
Dr. D. R. Oppenheimer. 

Englefield, they point out, was a shrewd and erudite iconoclast.. Lenneberg comes under a mixed 
reception. He is praised by Wells and Oppenheimer for his valuable book, which would have been even 
better if he had made the extra effort to write in simple and intelligible prose, and 1f he had not strayed 
into the desert of Chomskyan metaphysics. 

Englefield believed that all natural forms of communication depend on perceptible utterance or 
visible signs. Speech, gesture and writing correspond approximately to audible, visible and durable 
types of signs. The relationship of signs and language is intimate and Englefield discussed the modus 
operandi in considerable detail. He did not consider this relationship had been in any way helped by the 
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theories of Piaget which he regarded as implausible. Gesture-language was well but not exhaustively 
described, and written as well as spoken speech are traced in their development from form to symbol. 

Englefield originally wrote a twelve-chapter volume, but the bold prefatorial-writers fortunately 
added for our delight or for our exasperation, a thirteenth chapter gleaned from scattered critical 
comments upon the ideas of a number of contemporary oracular sources. Diamond's views upon the 
history and origin of language are the first to suffer. He does not agree in the primacy of the verb nor 
with all its alleged properties. Among animals, the connection between their gestures and their calls 
does not correspond with the author's experience. Englefield would have no truck with Révész's 'pre- 
forms’ and 'protoforms' of language, regarding this talk as little more than juggling with definitions, 
bearing no relation to experience or to established facts. Most gratifying is Englefield's non-acceptance 

,of the modern apotheosis of Chomsky and his obsession with grammar. As Englefield said ‘the important 
thing about a word is its meaning, that is to say, what it denotes. Chomsky's writings are grammatically 
correct; his sentences contain subject, verb and predicate, but to me they are often unintelligible because 
of their vocabulary’. The ‘deep stricture’ so dear to Chomsky is but a phrase which stands for no 
intelligible mental operation. Even as an antidote to Watson's behaviourism, Chomsky's ideas are 
not unique. 

Finally, we are regaled with some well-reasoned and well-expressed criticisms of Bertrand Russell 
and A. J. Ayer. Let us quote Englefield: ‘The attempt to arrive at truth through the manipulation of 
words is a centuries-old philosopher's dream. It is partly based on the notion that language is, or could 
be made to be, a symbolic system, analogous to mathematics, which enables the user to infer the nature 
of reality from a proper manipulation of the symbols. I have endeavoured to show that this is an illusion. 
No inferences drawn from an arbitrary system of symbols can have any significance except in relation 
to some other correlated system, The only correlated system that could be claimed for language would 
be the whole system of nature; and for such a purpose the trivial resources of language, even if all the 
contrivances of grammar and syntax of all the languages in the world were combined and all their 
vocabularies added together, would be utterly inadequate. If, therefore, the philosopher—as Ayer 
assures us—is really restricted to propositions about language, to definitions and inferences from 
definitions, and is debarred from making any use of experimental facts, then it is not possible that he 
should make any contribution to knowledge.’ 

Finally, one may turn back and read with appreciation the author's own brief preface in which he 
introduces Dinah and Sarah, his two Labrador bitches, who afforded him a wealth of mental inspiration 


as well as companionship. MACDONALD CRITCHLEY 
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BILATERAL TACTILE APHASIA: 
A TACTO-VERBAL DYSFUNCTION 


by MARIE-FRANCE BEAUVOIS, BRIGITTE SAILLANT, 
VINCENT MEININGER and FRANCOIS LHERMITTE 


(From the Laboratoire de Neuropsychologie INSERM U 84, Hópital de la Salpétriére, 
47, Boulevard de l' Hópital, 75634 Paris Cedex 13) 


INTRODUCTION 


For nearly a century the existence of a stimulus-specific object-naming defect 
has been discussed (Freund, 1889). Despite this, the published details of such 
a defect without others, such as agnosia or asymbolia, are quite rare. Following 
the first report of optic aphasia by Freund (1889), many cases of visual naming- 
defects were reported. However, a close analysis of these cases permitted Wolff 
(1904), followed by Kleist (1916, 1934) to emphasize that in all there was an aphasia 
or an agnosia, and for this reason, they challenged the use of the term optic aphasia. 
Until today, except for Freund's case, only two observations may be considered 
as examples of true optic aphasia (Spreen, Benton and van Allen, 1966; Lhermitte 
and Beauvois, 1973). With regard to the existence of an auditory anomia, Denes 
and Semenza (1975) reported the only case of a non-aphasic patient who was 
unable to name a sound properly but was still able to designate the proper image 
of the object producing the sound. As for tactile anomia, except for the tactile 
aphasia of the right hand reported by Raymond and Egger (1906), often claimed 
to be an astereognosia by many authors (Dejerine, 1906, 1907; Claparède, 1906; 
Delay, 1935), the only convincing observations of tactile anomia seem to be those 
concerning left-hand object-naming defects encountered in patients with callosal 
lesions (Geschwind and Kaplan, 1962; Gazzaniga and Sperry, 1967; Gazzaniga, 
1970; Lhermitte, Chain, Chedru and Penet, 1976). If some cases of bilateral 
astereognosia have been reported (Oppenheim, 1906; Goldstein, 1916; Foix, 
1922; Lhermitte and Ajuriaguerra, 1938) we have been unable to find evidence of 
the existence of bilateral tactile anomia. The only exception seems to be that of 
Geschwind (1965), who reported an unpublished observation by Kaplan. 
The object of this article is to report a case of bilateral tactile aphasia. 
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CASE REPORT 


History 

R. G., a right-handed 62-year-old man, without previous symptoms, was found in a state of stupor 
on March 7, 1974. On examination, à right hemiplegia and probable aphasia were found. Angiography 
demonstrated in the left hemisphere a parieto-occipital angioma and a hematoma without modifica- 
tion of the anterior cerebral artery (fig. 1). The angioma was removed and the hematoma evacuated at 
immediate operation. After three weeks of stupor, clinical examination showed a right hemiplegia with 
aphasia, both of which regressed rapidly. 





Fic. 1. Left parieto-occipital angioma. Pre-operative angiography 


Between April 1974 and May 1975 the patient lived at home, far from Paris. He was unable to work 
because of serious reading disability. After one year of unsuccessful re-education, the patient was 
admitted to Hôpital de Іа Salpêtrière in May 1975. The chief complaint was not motor or aphasic but 
reading disability. He was able to write correctly, but he was unable to read what he wrote. He was 
unable to tell the time, and he complained of difficulties with mathematical calculation and memory. 
After complete neurological and neuropsychological studies, the patient decided to go home and return 
to Paris later for re-education. He came back in October 1976, that is, two-and-a-half years after the 
operation. In October 1976 the neurological and neuropsychological examinations were unchanged 
from May 1975. Only the latter will therefore be reported. 
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Neurological Examination (October 25, 1976) 


The patient complained of no motor or sensory troubles. Walking and standing were correct. Muscular 
strength and tone were normal, as were the deep tendon reflexes. No Babinski sign was observed. All 
the following sensory modalities proved to be normal: light touch, pin pinch, hair sensation, tempera- 
ture, two-point discrimination (thumb, little finger, palm of the hand, big toe), position sense (big toe, 
hip, thumb, little finger, shoulder), vibration, localization of touch and tests of perceptual rivalry. 

Visual acuity was equal to 10/10? (10/10 is normal in the French system) on the right side and 8/10? 
on the left side (10/10? after correction). The Goldmann test revealed a right inferior quadrantanopia 
which did not affect the macula. Colour perception tests were normal (Hardy Rand Ritter, Farnworth 
100 Hue). The electroencephalogram showed an abnormally slow background activity in the left 
hemisphere. A left posterior temporo-parieto-rolandic focus of slow waves was constantly observed. 
Computerized tomography (CT) scans were undertaken on the October 25 1976 with the head scanner 
of Compagnie Générale de Radiologie. The matrix was 120 x 120, and the scans were parallel to the 
orbito-meatal line. In the left hemisphere a low density wedge-shaped lesion, with the summit toward 
the ventricle, was observed on three scans. 


Neuropsychological Examination 


(1) Intellectual efficiency. The patient had worked as an agricultural machinery representative. His 
intellectual level appeared only slightly diminished, as shown by IQ on WAIS (Verbal IQ 90, Per- 
formance IQ 85) and by the 38 Progressive Matrices range (between the 25th and 50th percentiles). 


(2) Calculation. The patient wrote numbers from dictation correctly; he knew multiplication tables 
fairly well; he was able to perform mathematical calculation mentally with numbers up to three decimals ; 
he knew and performed mathematical operations correctly and in the correct sequence; he quickly found 
the solution to verbally proposed problems. Mathematical calculation, however, was abnormal, partly 
due to his reading troubles, and partly due to difficulties in solving problems with complex data; this 
last difficulty was typical in other situations (see later, comprehension of speech orders). Even though 
the patient had some difficulties in calculating, one cannot speak of an ‘acalculia’, since the troubles can 
be explained by a much more general disturbance of processes which are not specific to calculation. 


(3) Memory. The patient suffered from some memory disturbances, without serious clinical con- 
sequences. However, these troubles dramatically affected learning ability and also disturbed delayed 
recall. Recall of events before the illness was fairly good, better in content than in their timing. Recall 
of events after the illness was a little less effective but not sufficient to interfere with daily activity; the 
recall of dates, however, was much impaired. On immediate retrieval tests (Beauvois and Lhermitte, 
1975), the patient achieved a normal score, for each tested modality, auditory-verbal, visual and 
gestural; but tbe three learning tests corresponding to these three modalities were impaired. This 
impairment was also observed for the retrieval of the Rey Complex Figure test and for some subtests 

' of the Wechsler Memory Scale. Therefore, the patient had a normal short-term memory but impairment 
of memory processing capacity and of middle and long term retention. 


(4) Praxis. Handling of objects and imitation of using objects without their presence were carried 
out correctly, either in one hand or in both together. Symbolic acts were also correctly performed. 
However, imitation of actions without significance was difficult when these actions involved hands, 
fingers, face and mouth. The patient showed a slight constructional apraxia when he drew a cube, 
a bicycle, and when he copied the Rey Complex Figure. 


(5) Body Image. The patient exhibited disturbances in his body image and a finger agnosia, but these 
disturbances were observed only during verbal tests: he pointed out correctly on himself any part of 
the body pointed out on the examiner, and conversely; but some mistakes were made when the examiner 
named a part of the body and asked the patient to point it out, or when the examiner touched a part 
of the body and asked the patient to name it (either on the patient or on the examiner); these disturbances 
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are much more consistent with a semantic disorder than with a spatial one (he named the knee instead 
of the elbow; he called the wrist ‘a tibia’ and the knee ‘an ankle’). 


(6) Language Verbal expression. Spontaneous speech was correct: articulation, intonation and 
fluency were correct, and sentences were correctly constructed He repeated the 50 syllables, the 125 
words and the 10 phrases of the Examen de I’ Aphasie (Ducarne, 1976) entirely correctly, and all the 
sentences of the Terman Merill Intelligence Scale at the highest level. Recall of words was precise and 
quickly performed. He was able to name 50 object-images easily and he quickly stated the opposite 
of a given word 49 times out of 50. Word definitions were correct (standard score 9 on WAIS Vocabulary 
Subtest). The patient easily constructed sentences using two or three given words (score 7/7 on the 
sentences constructing test of Examen de I’ Aphasie). The patient’s verbal expression can therefore be 
stated as normal. 

Understanding of Oral language was fairly good. The patient was able to carry out all the tests of ‘oral 
understanding’ of Examen de l'Aphasie correctly: pcinting out an object named by the examiner 
(35/35), performing some orders (9/10), and the Three Paper Test of Pierre Marie. The critique of 
irrational stories of the Terman-Merrill Intelligence Scale was correctly performed up to the highest 
level. A discrimination test on closely-related phonemes (Derouesné and Saillant, 1978) was correctly 
performed, Semantic discrimination was good (IQ, 98 for the Synonvm Test of Binois and Pichot (1958), 
orally performed). In the orally-performed Token Test (De Renzi and Vignolo, 1962), the four first 
parts were perfectly performed; however, the results of the fifth part were not good (7/22): this failure 
seems to be due to difficuity in combining many data and is probably identical to the previously described 
calculation defects. Therefore, the patient's oral comprehension was correct except for sentences with 
too much information. 

Writing. The patient was able to compose and write a story, to write the names of fifty object images 
as easily as he could verbally and to take down dictated words and sentences. All these tests were 
correctly performed except for a moderate dysorthographia; he wrote the words phonetically and 
incorrectly. 

Reading. The patient exhibited a serious reading impairment that will be described in a pints publica- 
tion (Beauvois and Dérouesné, 1978). 


(7) Visual and auditory identification and naming were normal The patient was able to name 20 
different colours and 50 object pictures quickly. He easily recognized the photographs of 48 VIPs The 
reading impairment was not related to letter recognition defect. The patient was able to recognize and 
name 15 sounds characteristic of certain objects. 


(8) Naming of objects tactually presented to either hand was seriously disturbed, whereas the identifica- 
tion of these objects seemed to be correct. 


Summary. Two years after the removal of a left parietal angioma the patient exhibited a right inferior 
quadrantanopia, a mild memory and calculation deficit, a slight constructional and corporeal apraxia, 
a naming defect of the various parts of the body, an alexia, and a naming defect for objects placed in 
either hand. 


SPECIAL NEUROPSYCHOLOGICAL RESEARCH 


This patient who had no expressive or receptive dysphasia and no sensory deficit 
could not correctly name an object placed in his hand. Experimental research was 
carried out in order to answer seven questions: (1) was the anomia really specific 
to the tactile modality? (2) was the anomia different when the object was presented 
to the left hand or to the right? (3) was the tactile-naming impairment really 


BILATERAL TACTILE APHASIA 385 


independent of recognition-impairment (astereognosia)? (4) did the defect appear 
in the verbo-tactile sense as well as the tacto-verbal sense? (5) was the defect 
restricted to the naming of objects? (6) was the tacto-verbal impairment dependent 
on a tacto-visual impairment? (7) could tactile identification be transferred from 
one hand to the other? 


(1) Was the Anomia Specific to the Tactile Modality? 


In order to test the specificity of the tactile-naming impairment statistically, the 
performances of this patient in tactile, visual and auditory object-naming were 
compared. Three comparisons were made: percentages of correct responses, 
response-naming time, and kind of misnamings. 


Naming Tests. The subject was asked to name objects presented to him either 
tactually (tactile naming), visually (visual naming) or auditorily (auditory naming). 
For the three kinds of tests the procedure was the same. Stimuli were successively 
presented during the same testing period. From the time the stimulus was presented 
to the subject he had one minute to give a response; yet when he named (wrong or 
right) the object before the end of this period, the next stimulus was immediately 
presented. We taped the verbal responses and recorded the response times. 

Tactile naming. The subject was blindfolded. Fifty objects were placed first in 
his right hand, then fifty different objects were placed in the other hand, and he 
was asked to name the objects. One month later the fifty objects which were 
previously presented to his right hand were presented to his left hand and con- 
versely. The stimuli were everyday objects, for example, tools, food, clothing, etc. 

Visual naming. Two kinds of objects were presented. First, in order to allow 
a direct comparison with tactile naming, the same one-hundred objects previously 
used for tactile presentation were visually presented. This visual naming test was 
performed between the two tactile-naming tests, about fifteen days after the first 
tactile naming. Yet, it might be thought that the difficulty was possibly not 
equivalent in the visual and tactile naming of the same objects, that is, it was more 
difficult to name some objects when they were presented to the hand than when 
presented for visual naming. This is why in a second test, fifty pictures of objects, 
visually difficult to recognize, were presented to the subject for naming. They were 
pictures normally used in the neuropsychological laboratory to reveal minor 
degrees of visual agnosia. For the most part, the objects drawn on the pictures 
could not be manipulated as they were landscapes, animals and so on. 

Auditory naming. Eighty very familiar tape-recorded sounds of objects (tele- 
phone bell, cat mewing, bells, etc.) were presented to the patient in a sound-proof 
room. The patient had to name the object from the sound he heard. It was not 
possible to find sounds related to the tactually-presented objects, nor to use 
objects related to recorded sounds for tactile naming. Indeed, objects which can 
be easily recognized tactually seldom emit a characteristic sound, and many 
objects which emit a well-known sound cannot be put in the hand (a dog, a bell, 
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an ambulance, a baby crying, etc.). This is why two precautions were taken; first, 
words corresponding to the sounds used were not more frequent than words 
corresponding to the tactually-presented objects; secondly, the frequency with 
which these sounds are heard does not seem higher than the frequency with which 
the tactually-presented objects are used. 


` Results. Percentage of correct responses. The sensory modality in which the 
stimulus was presented (tactile, visual or auditory) had an important effect on the 
percentage of correct naming responses (tactile-visual comparison: x? — 48-20, 
P «0-001; tactile-auditory comparison: y?—25-7, P < 0:001; visual-auditory 
comparison: x? — 10-21, NS). The patient could correctly name only two objects 
out of three when these objects were tactually presented, whereas he almost 
perfectly named objects when they were visually or auditorily presented. Depending 
on the kind of visual stimulus used, there was a slight difference between per- 
formance when the stimuli were pictures (all the responses were correct) and when 
the stimuli were real objects (four were misnamed). 

Mean naming times. Mean naming time was significantly longer for tactually- 
presented objects (13-8 s) than for auditorily- (6:58 s) or visually- (1-98 s) presented 
objects. Compared with mean naming time for control subjects, only tactile 
naming was significantly longer (Е = 227-55, Р — 0-001) than the mean time for 
normal subjects. 

Error analysis. In tactile naming 65 errors were recorded out of 200 responses. 
Except for some lack of response, some unclassifiable errors, some rare real 
perseverations and three morphological errors, most of the misnamings (66 per 
cent) were semantic paraphasias, that is, misnamings which had an obvious 
semantic relationship with the object's correct name (Table 1). Among these 
semantic paraphasias, more than half had no morphological relationship with the 
presented object. For the rest of misnamings, some resemblance to the presented 
object either in form or in texture could be found; but for all these misnamings 
the semantic relationship between the stimulus and the misnaming was much 
closer than the morphological relationship (for example, a cup was named “а glass’, 
a pair of scissors was called ‘a knife’, etc.). Therefore, it can be said that most of 
the misnamings had a semantic relationship with the stimulus. 


TABLE 1. SAMPLES OF TACTILE MISNAMINGS 


Stimulus - Response 
a cork a bottle 
a box of matches some cigarettes 
a ladle a soup-tureen 
a glove slippers 
a knife a fork 
a tea-cup а plate. . . a spoon 
a doll a ball 


an old tube of tooth-paste a worn-out toothbrush 


BILATERAL TACTILE APHASIA 387 


In visual naming, the four recorded misnamings had an obvious semantic 
relationship with the stimulus. All these misnamings, except one, were immediately 
and spontaneously rectified by the patient (for a plate, ‘a dish . . . sorry . . . a plate’; 
for an ace bandage, ‘a pack of compress bandages . . . no, an ace bandage’; for 
a strainer ‘for serving tea . . . a tea-pot’; for a bowl, ‘a cup, no a bowl’). 

In auditory naming, the only recorded error was an imprecise naming, that is, 
a sound of a toilet flushing was called ‘water’. 


(2) Was the Anomia Different when the Object was Presented to the Left Hand or 
to the Right Hand? 

In order to test the bilaterality of this deficit we compared the naming per- 
formance of each hand: no significant differences were revealed by the comparison 
of percentages of correct responses, of the response mean times or of the kinds of 
misnaming (Table 2). 


TABLE 2. COMPARISON OF TACTILE NAMING FOR OBJECTS PRESENTED TO 
EITHER THE RIGHT OR THE LEFT HAND 


Right hand Left hand 


Percentages of correct naming 71% 64% NS 
Mean time for naming 13-9 13-7 NS 
Kind of misnamings 
Semantic paraphasias 19 24 NS 
Other misnamings 10 12 


NS — not significant. 


(3) Was the Tactile Naming Impairment Really Independent of a Recognition 
Impairment (Astereognosia)? 

Test. Recognition was tested with an ‘object-using’ test. The patient was blind- 
folded and asked to show how to use objects placed in his hand by the examiner 
(either in his right, or in his left hand). The examiner tried in this test, to inhibit 
the whole verbalization process maximally, explicitly or implicitly. In order to 
accomplish this, he explained to the subject that if he named the object, he would 
risk making mistakes, and that he should only think of the tactile sensation when 
handling the object. To reinforce this attitude, the examiner placed an adhesive 
tape over the patient's mouth. Forty objects were presented to his right hand and 
two months later these same forty objects were presented to his left hand. 


Results. The subject handled correctly and quickly 79 objects out of the 80 
objects presented. Therefore there was a very significant difference between tactile 
naming and tactile identification performances. These differences were statistically 
significant, when we compared percentages of correct responses (y?: 8-78, 
P < 0:01) as well as when we compared response mean times (t = 6:2, P < 0-001). 
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(4) Did the Defect Appear in the Verbo-tactile Sense as well as in the Tacto-verbal 
Sense? | 

Tests. The examiner spoke the name of an object and at the same time put an 
object in the patient's hand. The patient had to decide whether the object fitted 
the stated name. One hundred objects were successively presented (50 to the 
right hand and 50 to the left). In half the cases, the name spoken by the examiner 
was the correct name of the object. In the other cases, either (1) there was no 
relationship between the object presented and the name spoken; or (2) the name 
spoken fitted an object which had a morphological relationship with the pre- 
sented object; or (3) the name spoken was semantically related to the name of 
the object. i 


Results. The patient made 16 errors out of 100 responses; however, no error 
was made out of 50 items presented when the correct name was given; thus, the 
. patient only made errors in accepting a false name. If the error percentage was 
calculated on all the responses, it was comparatively low (16 per cent); but if this 
percentage was calculated using only the choices with an incorrect proposed word 
it was 32 per cent, which corresponded exactly to the tactile naming error per- 
centage. Errors did not occur when there was no relationship between the object 
placed in the hand and the name spoken by the examiner. There were very few 
errors when the name spoken by the examiner had a morphological relationship 
with the object presented. Most errors were made when the name of the object 
spoken by the examiner and the name of the object presented in the hand had an 
obvious semantic relationship (for example, knife-spoon, ball of wool-reel of 
thread, alarm-clock-watch, ring-necklet). Therefore, the results of this recognition 
test were quantitatively and qualitatively identical to those obtained in the tactile 
naming test. 


(5) Was the Defect Restricted to the Name of the Object? 


In order to test this point, the patient was asked not to state the name of the 
object, but to explain its use precisely. The results were as follows: 33 per cent of 
the responses were correct ; 20 per cent of the responses were incorrect (for example, 
having a thimble in his hand he said, ‘it’s for seamstresses, they thread it inside the 
thimble. They put it on in order to write . . . or read’); 47 per cent of the responses 
were along the right lines but were lacking in precision. The patient gave a response 
which could be applied to a series of related objects (for example, having a spoon 
in his hand, he said, 'to eat'; for an apple he gave the same response). Thus the 
defect was not restricted solely to the name of the object, but extended to all 
responsés requiring precise verbal behaviour when presented with a specific object 
in his hand. 


(6) Did this Tacto-verbal Impairment Result from a Tacto-visual Impairment? 
In order to test this point, two tests were performed. i 
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Tacto-visual matching test. An object was placed in the patient's hand (he could 
not see it), and at the same time a picture of an object was shown to him. The 
patient had to decide whether the picture fitted the object in his hand. One hundred 
objects were successively presented (50 were placed in his right hand, and 50 in 
his left hand). In one object out of two, the picture fitted the object presented to the 
hand, though it was usually drawn in a different way (for example, a piece of string 
was placed in his hand, and at the same time a picture of a ball of string was shown); 
in the rest of the cases either (a) the picture and the object had no relationship 
(10 items); or (b) the names of these objects belonged to the same semantic class 
(plate-spoon; 15 items). In order that testing was tacto-visual and not tacto-verbo- 
visual, the examiner tried to suggest a non-verbal comparative strategy to the 
patient. 


Results. The 100 responses were correct. 


Effect on Tactile Naming of the ‘Visual’ or ‘Tactile’ Characteristics of the Objects 


The purpose of the following experiment was to compare the patient’s tacto- 
visuo-verbal and tacto-verbal processing. The question was whether visual 
representation could improve or disturb the naming of tactually presented objects. 
In order to test this point, we compared tactile naming of two kinds of objects 
(a) 38 objects thought to be very tactile, i.e. objects where the identification is made 
almost solely by tacto-kinesthetic information (weight or texture), the object 
having no precise form. The objects presented in this test may be classified in 
3 categories: flat objects (pieces of paper or cloth); ‘string-like’ forms (wool, wire); 
materials usually placed in a pot (water, rice, flour); (b) 38 objects considered to 
be very visual because they are usually identified visually and even when presented 
tactually, they need an intermediate visual representation of the object (for 
example, a chair, a broom); in this test the examiner very strongly suggested a 
visual] representation strategy. 


Results. Tactile naming of very visual objects was significantly better than tactile 
naming of very tactile objects (y? = 20-73, P < 0-001). Compared with the mean 
percentages in tactile naming, very visual objects were better named (x? = 5:91, 
P<0-01); therefore, very tactile objects were not named as well (x? = 6-72, 
P < 0-01). 


(7) Could Tactile Identification be Transferred from One Hand to the Other? 

The test was the same as the identification test, with only one difference. The 
object was placed in the left hand and the patient was asked to pretend to use it 
with his right hand. 

Results. Thirty-nine *usage' gestures out of 40 were correct. Exactly the same 
result was obtained when the object was placed in the right hand and used with 
this hand. ` 
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ANATOMICAL DATA 


Comparison of the Computerized Tomography Scans (CT Scans) with Dejerine's 
Sections 


In spite of numerous atlases already published it was impossible to find one 
sufficiently precise to furnish a good anatomical analysis of the CT scans. In order 
to obtain the best estimate the anatomical structures which were probably involved 
in the lesion, the CT scans were compared with the horizontal sections from 
Dejerine's book (1895). These sections are nearly parallel to the orbito-meatal 
line, and are the most precisely described that we could find. 

The plane of the first CT scan (fig. 2А) is nearly identical with that of Dejerine's 
section 48 (fig. 2B). The lesion probably involves the angular gyrus (or pli courbe). 
Its summit probably does not reach the lateral ventricle. The subcortical fascicles 
probably involved are the longitudinal inferior fascicle (Fli) and the thalamic 
radiations (Rth). The plane of the second CT scan (fig. 3A) corresponding to 
Dejerine's section 52 (fig. 3B), the lesion probably involves the angular gyrus, the 
longitudinal inferior fascicle, the thalamic radiations (Rth) and the tapetum (Tap.). 
In the plane of the third CT scan (fig. 44), corresponding to that of Dejerine's 
section 56 (fig. 4B), the lesion probably involves the posterior part of the second 
temporal convolution and the same subcortical fascicles as previously described. 


Anatomical Hypothesis 


The cortical lesion probably involves the angular gyrus and the posterior part 
of the second temporal convolution but probably spares the supramarginal gyrus 
and the anterior part of the second parietal convolution. The subcortical lesion 
involves essentially what Dejerine calls the 'segment posterieur de la couronne 
rayonnante' (posterior part of the corona radiata). This segment includes two 
sagitally directed fascicles—a lateral one, the inferior longitudinal fascicle (Fli) 
and a medial one, the thalamic radiation (Rth). Besides these, the lesion probably 
involves the adjacent fascicles, that is, laterally, the vertical occipital fascicle 
which spreads forward toward the parietal operculum, and a part of the fasciculus 
arcuatus, while medially it probably involves the tapetum (the occipito-frontal 
fascicle of Dejerine). In discussing the anatomical pathways involved by the lesion 
we will only consider anatomical data obtained from human studies. Due to the 
particular character of the neuropsychological disorder, deriving from a tacto- 
verbal disorder, we prefer to disregard anatomical data obtained from monkeys. 


Connections of the angular gyrus. The intra- or interhemispheric connections of 
the angular gyrus are not precisely known in Man. Dejerine in his book reports 
a case of a lesion limited to the angular gyrus and not affecting the subcortical 
fibres (Case Jouan, Tome II, pp. 122-124), but he does not mention the intra- 
hemispheric connections. This author suggests, however, other connections of the 
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angular gyrus (Dejerine, Tome I, pp. 756-758). Probably the angular gyrus has 
connections with the second and third temporal convolutions through some of 
the vertical fibres of the occipital vertical fascicles. Through short fibres, either 
U fibres or the fasciculus arcuatus, the angular gyrus has likely connections with 
further cranial convolutions, such as the supramarginal or the first temporal 
convolution. However, at the moment it is impossible to define such connections 
more precisely. As for the interhemispheric connections, the only known ones are 
the transcallosal fibres to the opposite angular gyrus. However, the exact organiza- 
tion and topography of these fibres is currently unknown, except that they pass 
through the body of the corpus callosum. 

Besides its cortical connections, the angular gyrus has wide connections with 
certain subcortical nuclei and particularly the thalamus. For Van Buren and 
Borke (1972) the angular gyrus has a specific relationship with the nucleus dorso- 
caudalis, and receives the bulk of its afferent fibres from the nucleus pulvinar 
lateralis. 


Fascicles involved in the lesion. Besides the fibres from the angular gyrus, the lesion 
probably involves other subcortical fascicles. Laterally to medially these are: the 
longitudinal inferior fascicle, the thalamic radiations and the tapetum. The inferior 
longitudinal fascicle (ILF) is an occipito-temporal association bundle. Dejerine 
claims that this bundle connects the occipital cortex (occipital pole lingula, fusi- 
form gyrus, first, second and third occipital convolutions) with the temporal lobe 
(second and third temporal convolutions, and particularly the first temporal 
convolution as far as the temporal pole). It is impossible to assert precisely the 
extent of the lesion of the inferior longitudinal fascicle. It seems likely that fibres 
from the lingula and fusiform gyri are hardly affected. The tapetum is presumably 
also involved in the lesion. According to Dejerine (1895) and Vialet (1893), the 
tapetum does not belong to the corpus callosum, but is an association bundle from 
the temporo-occipital regions to the frontal lobe (lateral and orbital aspects). 
However, neither Dejerine (Case Courriere or Case Bras (Tome П, pp. 109, 115)) 
nor Vialet furnished any details about the exact origin or termination of this 
bundle. The thalamic radiations are probably also involved, and more particularly 
the geniculo-calcarine radiation, at least the fibres distributing to the superior lip 
of the calcarine fissure. 

Besides these bundles, we looked for a possible lesion of direct fibres connecting 
the right parietal lobe to the left temporal lobe. The existence of these fibres is 
theoretically possible, as most authors have emphasized the fact that the corpus 
callosum connects various parts of the two hemispheres. If such fibres exist, how- 
ever, they would pass through the external capsule (Dejerine, 1895) and so would 
probably be unaffected in our patient. 


i 
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DISCUSSION 


I. (1) The disorder reported here fits the term tactile aphasia, proposed by Raymond 
and Egger (1906) by analogy with Freund's optic aphasia (1889). Indeed, the two 
criteria required by most authors (Claparéde, 1906; Déjerine, 1906, 1907; Delay, 
1935; Geschwind, 1965) to enable us to view a disturbance as tactile modality- 
specific anomia were found in our patient. First, this patient, in whom no expressive 
or receptive dysphasia was discovered, misnamed objects when they were presented 
to him tactually, whereas he almost always gave the correct name when they 
were presented in a visual or auditory manner; secondly, not only did he have 
no sensory deficit, but he gave unquestionable proof of ability to identify objects 
presented tactually (since being blindfolded, he handled perfectly the objects he 
had failed to name). 


(2) Our patient's disorder should be distinguished from a simple tactile anomia, 
in which only the name of the object is unavailable. 

Inability to produce the name of an object was supposed by the associationists 
to be due to destruction of the association between the image of the object and its 
name. Others have regarded this inability as due to motor aphasia of a limited 
kind (Delay, 1935), or as an amnesic aphasia. If these explanations were correct, 
then (a) the patient should be able to give verbal proof that he has succeeded in 
identifying the object by touch, by describing its morphology or the purposes for 
which it is used; and (b) his descriptions should be free of dysphasic errors. Our 
patient, on the contrary, was unable to describe, without making dysphasic errors, 
the morphology or usage of objects he had correctly identified by touch. 

‘Tactile anomia' implies the absence of any verbal processing when an object is 
correctly identified by touch. This would be the situation in a split-brain patient 
who could not produce names for objects placed in his ‘non-dominant’ hand (see 
below). Our patient, on the contrary, did not fail to produce names: he produced 
incorrect names, 66% of which had an obvious semantic relationship with the 
correct names (semantic paraphasia). 

‘Tactile anomia’ might also imply mere loss of the name of the object. The loss 
would be remedied if the examiner supplied the name. The patient should always 
accept the correct name and should always reject false names. Our patient never 
failed to accept the correct name. His errors were all in accepting false names. He 
rejected false names which bore no relation to the objects, but accepted many false 
names which bore some semantic relationship to the objects. 

The disorder cannot therefore be thought of as a simple failure to associate the 
tactile image of an object with its name, or as a simple failure to evoke the correct 
name of the tactually-presented object. What is really implied is a defect of general 
tacto-verbal processing. This processing comes into play whenever behaviour 
necessitates both tactile identification and linguistic processing. 


(3) This deficit is not'the result of a problem in visual representation of tactually 
presented objects, as was formerly thought. It is not related to visual, tacto-visual 
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or visuo-verbal dysfunction. The following points were observed confirming 
this: tacto-visual matching of objects was perfectly performed; viewed object- 
naming was almost correctly performed; tactually-presented ‘very visual’ objects, 
which may require visual representation as a possible relay, were named much 
better than ‘very tactile’ objects, which need no visual representation. These last 
three results call to mind three important points, (a) in cerebral disease an impair- 
ment related to tactile presentation of objects can be observed completely inde- 
pendently of a hypothetical impairment of intermediate visual processing (visual 
representation). This impairment, specific to the tactile modality, is the equivalent 
of an optic aphasia for the visual modality; thus, it can be rightly termed tactile 
aphasia. Concerning this equivalence, it should be noted that manifestations of 
this impairment are the same in both cases. In the case reported here, as in one case 
of optic aphasia previously reported (Lhermitte and Beauvois, 1973), misnamings 
are mostly semantic paraphasias. (b) The fact that such a tacto-verbal dysfunction 
can be observed in disease, quite independent of an impairment of visual repre- 
sentation, implies that in a normal subject, and at least for certain objects, tactile 
identification can be processed quite independently of visual identification. 
(c) The fact that tactually-presented objects are almost always correctly named when 
they are likely to have a precise visual representation, and the subject is also trained 
to imagine the object before naming, means that the variable to consider in this 
dysfunction is not the modality of stimulus presentation, but the kind of inter- 
mediate processing allowing identification. 


(4) How may we account for some rare misnamings (which are also semantic 
paraphasias) observed when objects were visually-presented? Must we consider 
that this patient had besides a tactile aphasia a slight optic aphasia? It seems to us 
to be of great importance that these misnamings appeared only for viewed objects 
previously tactually presented, that is, objects which can be handled; whereas, 
misnamings did not appear for pictures of objects which were difficult to perceive 
and which could neither be handled nor be tactually identified (for example, 
a slug, a rod etc.). Indeed, it may be assumed that, when searching for the name 
of the visually-presented object, one sometimes actually thinks of this object in 
a tactile manner; this must be very rare, but it could be as important as the object 
being capable of manipulation. If this is true, rare misnamings observed when the 
objects were visually presented must be considered as consecutive to the tacto- 
verbal dysfunction, to the tactile aphasia. This hypothesis could account for the 
low percentage of misnamings observed in all modalities in other cases of specific 
aphasias (Spreen et al., 1966; Lhermitte and Beauvois, 1973). 


II. With the exception of cases of unilateral left-hand anomias in split-brain 
patients (Geschwind and Kaplan, 1962; Gazzaniga, 1970) observations of tactile 
aphasia or anomia are rare. Two explanations are possible. Either cases of bilateral 
tactile anomia exist more frequently and have not been sought effectively, or 
bilateral tactile anomia or aphasia is really uncommon, the lesion or the associa- 
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tion of lesions causing it being rare in cerebral disease states. At the moment it is 
not possible to reach a conclusion on the second possibility, but it is very likely 
that tactile aphasia may be missed if incorrectly sought for. Indeed, this study 
implies two methodological precautions which do not seem to have been taken into 
account: (a) a systematic study should be made of the naming ability in relation 
to each sensory modality in any patient having a cerebral lesion, and not only in 
aphasic patients. The only systematic studies concerning naming ability have been 
performed in aphasic patients (Spreen et al., 1966; Goodglass, Barton and Kaplan, 
1968); (b) a second precaution should be taken when seeking a naming impairment 
restricted to the tactile modality, namely to establish that this impairment is due 
neither to sensory deficit nor to defect of tactile identification (astereognosia). It 
is because this last criterion was not taken into account that the previously reported 
case of Raymond and Egger was not recognized as tactile aphasia. Conversely, 
it is possible that among cases of bilateral astereognosia reported by Foix (1922) 
there were examples of tactile anomias. Indeed, the authors did not distinguish, 
by non-verbal tests, identification impairment from a possible naming impairment. 

The problem, however, is not only that these two points have not been taken into 
account in systematic studies nor in particular case reports. Distinguishing identi- 
fication from naming requires that the implicit part of language in every test be 
taken into account in order to exclude verbalization in an identification test. 
Therefore, when a patient is asked to give the name of an object, if he fails to say 
or to show how this object is used, a verbal searching-strategy is first induced. If 
verbalization is not destroyed but only disturbed, this can then lead to mistakes 
in an identification test. This was the case with our patient when we did not inhibit 
verbalization (be made a semantic ‘parapraxia’ when using an object; for instance 
he used a toothbrush like a comb). This is why we inhibited verbalization by special 
instructions in every identification test in a second series of tests, so that we could 
be sure that we were testing identification and not the consequences of implicit 
misnaming. 


III. The bilaterality of the disturbance in this case is of great interest. Is the 
infrequency of such an observation related to the association of two different 
disturbances, a naming impairment for the objects presented to the right hand, 
plus a naming impairment for the objects presented to the left hand or is it a single 
impairment? The answer to this question may help in conceiving processes of 
both object-identification and naming in normal subjects, and in stating at what 
level information coming from the right hand or the left hand are separately 
processed. _ 

At first sight our results seem to favour a single disturbance, but these results 
are not conclusive: (a) results in the naming test are exactly the same when objects 
are presented to the right hand as when they are presented to the left hand; this 
is true quantitatively as well as qualitatively; but this does not mean the reason is 
the same in both cases; (b) tactile information can be transferred from one hand 
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to the other, since the patient can pretend to use with his right hand an object put 
in his left hand. There is no evidence that this transfer is necessarily effected when 
the patient is asked to name an object; (c) anatomically, it seems that one region 
alone is involved by the lesion; it is well-known that a single lesion can destroy the 
anatomical substrate of a number of functional systems. 

In order to answer our problem we have to consider other reported cases of 
tactile naming impairment. Unfortunately the only ones known are unilateral left 
tactile anomias following section or lesion of the corpus callosum (Geschwind and 
Kaplan, 1962; Gazzaniga and Sperry, 1967; Gazzaniga, 1970; Lhermitte et al., 
1976; Lhermitte, Marteau, Serdaru and Chedru, 1977). Split-brain patients are 
able to give proof of tactile identification processing for objects held in their left 
hand (which cannot be named) as well as for objects held in their right hand. At 
first sight this appears to demonstrate that there are indeed two independent 
systems for tactile identification: one for the left hand and one for the right hand, 
one having its anatomical basis in the right hemisphere and the other in the left 
hemisphere. If this is the case, the bilateral tactile aphasia reported here could be 
explained only by the connection of two disturbances (this does not mean, of 
course, that these systems are not connected in normal subjects). 

However, the tactile naming behaviours of split-brain patients, and of our 
patient, and the kind of identification proof that can be obtained in both cases 
are very different. The conventional ways used to test identification in split-brain 
patients (handling objects, drawing objects or selecting one similar object among 
several) give proof of a high level of perception, but between this kind of identifica- 
tion and object-naming, a more categorical or pre-naming processing is necessarily 
implied (for instance, this pre-naming linguistic processing is necessary to sort 
objects into semantic categories). In the case reported here, this processing is 
indeed carried out since most errors are semantic paraphasias. This does not seem 
to obtain for the left hand of split-brain patients; it seems that when objects are 
presented to their left hand, split-brain patients can make no verbal response or 
can utter only names unconnected with the objects presented. 

The following conclusions can be drawn from comparison of these two kinds 
of results: (1) split-brain patients’ results in the tactile identification test prove 
that in normal subjects a first level, a presumably non-linguistic one, is processed 
separately for each hand; (2) our patient's results in tactile-naming prove there is 
an intermediate process of semantic sorting between this first identification level 
and precise object-naming. The question is whether this level is processed separately 
for each hand or not. At the present time, it is impossible to state whether this 
semantic sorting is separately processed for each hand or not. 


IV. In spite of numerous uncertainties the anatomo-functional implications of our 
case must be considered. 

Before stating any anatomo-functional Enotes two points have to be taken 
into account: what are the precise psychological data on one side and anatomical 
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data on the other, in the case studied? What are the functional postulates which 
can reasonably be stated from classical anatomo-pathological data and from human 
experimental data? In our patient, there are two main anatomical facts: there are 
no arguments for a lesion of the right hemisphere or of the corpus callosum; the 
lesion involved the parietal lobe and its intra-hemispheric connections, and also 
some connections of the occipital lobe with the frontal or temporal lobe of the 
same side. Two major anatomo-functional postulates proceed from classical 
anatomo-pathological data and from some human experimental information: 

_ linguistic processings are undertaken by the left temporal region, while tactile 
identification processings are undertaken by the parietal lobe, most probably by 
the region caudal to the post-central convolution. We may conclude from this that 
the defect reported here is probably related to involvement of the cortical and 
subcortical structures located between these two regions. However, the problem 
is different if the bilateral tactile aphasia results from one or two types of dis- 
turbance. If the tactile aphasia of the right hand results from a different disturbance 
from the tactile aphasia of the left hand, the tactile aphasia of the right hand could 
be due either to involvement of the connections of the left superior and inferior 
parietal lobules or, less probably, to involvement of the left angular gyrus and/or 
its connections to the temporal lobe (U fibres or fasciculus arcuatus). The tactile 
aphasia of the left hand could result from the involvement of the fibres from the 
right parietal lobe after these have relayed in the left superior and inferior parietal 
lobules. If the tactile aphasia results from a simple disturbance the only one lesion 
which could explain it is involvement of the left angular gyrus. Comparison with 
other cases of tactile aphasia with slightly different lesions would permit a choice 
between these different solutions. 


SUMMARY 


Bilateral ‘tactile aphasia was exhibited by a patient who was operated upon for 
a left parieto-occipital hematoma. Neuropsychological investigation established 
the following points: (1) the patient, in whom no expressive or receptive dysphasia 
could be found, misnamed objects when they were presented to him tactually, 
whereas he almost always gave the correct name when they were presented visually 
or auditorily; (2) the naming disturbance was identical when the object was pre- 
sented to the left hand or to the right hand; (3) not only did the patient have no 
sensory deficit, but he could give unquestionable proof of correct tactile identifica- 
tion by using the objects presented to him tactually; (4) the defect appeared ih the 
verbo-tactile as well as in the tacto-verbal direction; (5) it was not restricted to the 
name of the object since the patient was unable to describe, without making 
dysphasic errors, the morphology or usage of objects presented to him tactually; 
(6) the tacto-verbal dysfunction did not result from a tacto-visual impairment. 
Computerized tomography scans showed that: (1) there was no evidence suggesting 
a lesion of the right hemisphere, nor of the corpus callosum; (2) the left lesion 
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involved the angular gyrus, the posterior part of the second temporal convolution, 
the inferior longitudinal fasciculus, the geniculostriate fibres and some fibres of 
the tapetum. 
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THE NEUROANATOMY OF. AMNESIA 


A VUE OF THE HIPPOCAMPAL MEMORY 
HYPOTHESIS 


by JAMES A. HOREL 
(From the Department of Anatomy, SUNY, Upstate Medical Center, Syracuse, New York 13210, USA) 


INTRODUCTION 


THE HIPPOCAMPUS has had a spectacular and controversial history. It was once 
related to-the olfactory system, then to emotional functions, and finally has settled 
into a career as an organ of learning and memory, supported in this role by a 
complex structure of frequently contradictory and controversial evidence. Our 
research on the temporal lobe has caused us to question the interpretation of 
evidence that is central to the hippocampal memory hypothesis and to propose 
an alternative interpretation. This has required a re-examination of the entire 
structure that supports this hypothesis. I present herethe results ofthat examination. 


The Problem 


Bilateral destruction in the medial area of the temporal lobe in humans produces 
a severe amnestic syndrome with a permanent anterograde amnesia and a retro- 
grade amnesia for a short period prior to the injury (Scoville, 1954; Scoville and 
Milner, 1957; Penfield and Milner, 1958). Early memories and memories for 
technical skills remain intact and there is no loss of general intelligence or complex 
perceptual abilities (Scoville and Milner, 1957). Scoville and Milner (1957) found 
that when removals of the medial temporal lobe included only the uncus and 
amygdala there was no amnesia, but when the lesion extended far enough pos- 
teriorly to include the hippocampus the memory defect occurred and its severity 
appeared to depend upon the posterior extent of the lesion. From this, they pro- 
posed that the memory impairment was due to hippocampal damage, a conclusion 
which obtained further support from studies of the pathology of Korsakoff's 
disease and posterior cerebral artery occlusion. One of the major connections of 
the hippocampus is to the mammillary bodies by way of the fornix and there is 
& high incidence of mammillary body disease in amnestics with Korsakoff's 
psychosis (Malamud and Skillicorn, 1956; Barbizet, 1963; Victor, Adams and 
Collins, 1971). Also, medial temporal lesions that result from posterior cerebral 
artery occlusion sometimes produce memory defects and one of the structures 
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consistently injured in such cases is the hippocampus (see Glees and Griffith, 1952; 
Victor, Angovine, Mancall and Fisher, 1961). 

For these and other reasons, it has now become generally accepted that medial 
temporal lesions produce their memory defects by destruction of the hippocampus. 
However, there has been an awkward problem with this theory. Given the extreme 
severity of the impairment and its rather general character, one would certainly 
have anticipated that hippocampal lesions in animals would produce obvious 
deficits in learning and memory. The results of such lesions have not confirmed this 
anticipation. I will summarize this massive and controversial literature by quoting 
from the reviews of three authorities on the subject. 

Douglas (1967) said that ‘Hippocampal lesions do not impair learning in 
general, even when the learning involves retention for a long period of time. Thus 
the animal and human data would appear to be in contradiction'. Douglas then 
went on to theorize that the memory defect in man ‘. . . is a secondary effect of 
a different type of primary disorder’. Kimble (1968) stated ‘Although much of the 
research on the hippocampus was prompted by the reports of Scoville (1954) and 
others . . . in which bilateral hippocampal damage produced severe anterograde 
amnesia, the experimental literature fails to support such an interpretation for the 
dozens of animal studies now completed'. Kimble then proposed that the hippo- 
campus is involved in Pavlovian internal inhibition. Finally, Isaacson (1972) said 
‘Turning to the experimental literature with animals, the data from the over- 
whelming.majority of experiments fail to connect bilateral destruction: of the 
hippocampus with any apparent recent memory loss'. He then went on to suggest 
that the deficit in man is due to the original epileptic disorder that led to the surgery. 


The Solution 


The apparent lack of correspondence between the results of human and animal 
hippocampal lesions creates a major barrier to our ability to study this important 
problem experimentally and has motivated a number of theories to account for 
the discrepancy. Man and animals are undeniably different and one suggestion 
is that this is just another expression of that difference. A far more popular argu- 
ment has been that we simply have not used tests with animals that are comparable 
to the ones by which we recognize these memory defects in people (see Gaffan, 
1974; Iversen, 1976). Neither of these arguments has been particularly compelling. 
The phylogenetically conservative hippocampus seems an unlikely place to expect 
radical chànges in function, and from the severity of the human memory defect, 
we would not anticipate that the results of animal hippocampal destruction would 
be so subtle as to require very special tasks to detect-them. A rarely explored 
alternative is that the amnesia produced by medial temporal lobe lesions is not 
due to hippocampal damage at all but to some other structure that is also injured 
by these lesions. We have been studying the temporal lobe of monkeys by examining 
the behavioural effects of disconnecting it from other structures of the brain (Horel 
and Keating, 1969, 1972; Keating and Horel, 1971, 1972; Horel and Misantone, 
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1974, 1976; Horel, Keating and Misantone, 1975). In two of these experiments 
(Horel and Misantone, 1974, 1976) we cut part of the white matter medial to the 
temporal lobe; an area which has been called the temporal stem, or albal stalk 
(TS, fig. 1). It is white matter that contains connections of afferents and efferents 
of temporal cortex and amygdala, but carries no connections of the hippocampus. 





Ға. 1. The hippocampus and the temporal stem. AN = anterior nuclear group; DM = dorsomedial nucleus, 
ЕС —fusiform gyrus; GP = globus pallidus; Н = hippocampus; HG = hippocampal gyrus; ITG = inferior 
temporal gyrus, LT — lateral thalamus; MTG = middle temporal gyrus; P = putamen; STG = superior temporal 
gyrus; TS = temporal stem. 


These relatively small lesions abolished the ability of the animals to relearn a 
visual pattern discrimination that they had readily learned pre-operatively. We 
noted that with the anterior approach used by Scoville (Scoville et al., 1951; 
Scoville and Milner, 1957) at least some of this white matter would have had to 
have been cut in the medial temporal lobectomy of the human patients. Also, the 
further the lesion extended posteriorly, the greater the likelihood that the closely 
adjacent temporal stem would be involved. We suggested that perhaps the amnestic 
syndrome that results from these medial temporal removals in humans was due 
to cutting some of the fibre connections of the temporal cortex which are contained 
within the stem rather than to hippocampal damage. 

This caused us to re-examine the literature that bears upon the neuroanatomy of 
amnestic syndromes. It soon became apparent that this literature has consistently 
been reviewed with an eye toward bending it into agreement with the hippocampal 
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memory hypothesis. We found that not all of the evidence supports this hypothesis 
and there are alternative explanations for the evidence which does appear to support 
it that are at least as plausible. In fact, the argument of this paper is that there is 
good reason to believe that the hippocampus-fornix-mammillary body system is 
not responsible for the memory defects characteristic of medial temporal lesions 
or of Korsakoff's psychosis. This evidence and an alternative system are presented 
in the following paragraphs. 

In this paper we are not looking for the site in the brain where learning and 
memory takes place, nor the location of engrams or memory traces. We are 
attempting to discover the structures of the brain whose damage produce certain 
well-known symptoms, often called the amnestic syndrome. Whether or not a 
location can be found for memories, symptoms of memory disorder can be pro- 
duced by fairly limited lesions. Here we are tracking the anatomy of symptoms of 
memory disorder, not the anatomy of memory. 


The Human Hippocampus and Memory 


The principal source of evidence. The assertion that memory disorders result 
from hippocampal lesions derives its support principally from the effects of human 
medial temporal lobe lesions. The reports that form the foundation for the hippo- 
campal memory hypothesis are those of Scoville (1954), Scoville and Milner (1957) 
and Penfield and Milner (1958). The memory defects that are a consequence of 
this surgery are well-known and the data are frequently reviewed (see Milner, 
1972). However, it is important for present purposes to recall the severity of the 
defect; to that end I include here a brief description of the most famous case, 
that of H. M. 

Scoville and Milner describe H. M. in the following manner: 'After operation 
this young man could no longer recognize the hospital staff, nor find his way to the 
bathroom and he seemed to recall nothing of the day-to-day events of his hospital 
life. There was also a partial retrograde amnesia inasmuch as he did not remember 
the death of a favourite uncle three years previously, nor anything of the period 
in the hospital, yet could recall some trivial events that had occurred just before 
his admission to the hospital. His early memories were apparently vivid and 
intact’. To illustrate his defect, the authors wrote: ‘Ten months ago the family 
moved from their old house to a new one a few blocks away on the same street; 
he still bas not learned the new address, though remembering the old one perfectly, 
nor can he be trusted to find his way home alone. Moreover, he does not know 
where objects in continual use are kept; for example, his mother still has to tell 
him where to find the lawn mower, even though he may have been using it only the 
day before. She also states that he will do the same jigsaw puzzles day after day 
without showing any practice effect and that he will read the same magazines over 
and over again without finding their contents familiar’. These observations of 
severe impairment were confirmed with formal testing. 
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This same operation was also performed on psychotic patients but because of 
their debilitating behaviour disorder, the memory defect went unnoticed until 
the case of H. M. brought it to attention. It is apparent, however, that a defect 
of this magnitude would not, under ordinary circumstances, go undetected by 
even the most casual observer. Furthermore, we would not, a priori, anticipate that 
if these lesions were reproduced in animals the defect would be subtle and difficult 
to detect or appear only in a few restricted tests of learning and memory. 

It is also important to notice that although the memory defect is extremely 
severe, some learning can take place (Milner, Corkin and Teuber, 1968). H. M. 
can acquire some motor tasks and could learn a tactual maze in which the sequence 
of turns fits into his immediate memory span. He had difficulty in learning this 
simple maze and was unable to learn a more complex maze that is easily learned 
by normal subjects. Immediate memory, such as the ability to repeat back a string 
of digits, remains unimpaired in these patients. However, in the tasks he could 
learn, H. M. was severely impaired in his rate of acquisition. These vestigial 
learning skills had parallels in his everyday life. ‘He seems to have learned some- 
thing about the constant features of his environment such as the general arrange- 
ment of rooms and furniture in his home. He also occasionally appears to remember 
some outstanding personal or public event, though with little constancy from day 
to day’. (Milner et al., 1968). 

Scoville made his medial temporal lesions by approaching from the anterior 
end of the temporal lobe and extending the lesions posteriorly in varying amounts 
(Scoville and Milner, 1957). If the lesion included only the uncus and amygdala 
there was no memory impairment. If the lesion extended far enough posteriorly 
to include the hippocampus, the memory defect appeared and the further pos- 
teriorly the lesion extended the worse the impairment. This led to the interpretation 
that the amnesia was caused by the hippocampal lesions. 

In the next section we examine the cognitive functions of the monkey's temporal 
cortex and attempt to determine if symptoms of learning and memory disorder 
might be related more to one structure than another. 


Cognitive Deficits With Temporal Lobe Lesions 


The Klüver-Bucy syndrome. The introduction to the cognitive nature of deficits 
that result from temporal lobe lesions in monkeys was made by Klüver and Bucy 
(1938, 1939). The same observations made earlier by Brown and Schafer (1888) 
had gone unnoticed. They found that bilateral temporal lobectomy in monkeys 
produced a remarkable behavioural effect: (1) a symptom that has sometimes 
been called ‘psychic blindness’ or ‘visual agnosia’ in which the animals seem unable 
to use vision to differentiate the significance of objects. For example, they seem 
unable to differentiate between things that are edible and things that are inedible 
until they are placed in the mouth; (2) ‘oral tendencies’. The animals continually 
examine all objects in reach by mouth, (3) ‘hypermetamorphosis’, described as ‘an 
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excessive tendency to take notice and to attend and react to every visual stimulus’, 
' (4) emotionality changes in which the animals show *. . . either profound changes 
in emotional behaviour or complete absence of all emotional reactions in the sense 
that the motor and vocal reactions generally associated with anger and fear are 
not exhibited', (5) an increase in the occurrence and diversity of sexual activity. 

It has been suggested that the first symptom listed above is responsible for all 
the rest (Geschwind, 1965). Thus, the temporal-lobectomized monkey is unable 
to use vision to decide whether to eat an object, or ignore it, flee from it, attack 
it or copulate with it. This suggestion is supported by the finding that disconnecting 
the occipital and temporal lobes produces most of the Klüver-Bucy symptoms 
(Downer, 1961; Horel and Keating, 1969, 1972). We did this by destroying one 
temporal lobe, the contralateral occipital lobe, and cutting the splenium of the 
corpus callosum. No single one nor two of these lesions produced the deficit, but, 
all three which together should have cut off visual information from the remaining 
temporal lobe did produce the Klüver-Bucy syndrome (Horel and Keating, 1969, 
1972). Emotional reactions could be elicited, but not by visual stimuli in the 
animals with occipitotemporal disconnection. Our animals seemed totally 
bewildered by many simple tasks they had performed repeatedly pre-operatively; 
they behaved as though they had never encountered them before. 

We found that although ‘disconnection’ and *bitemporal animals are unable at 
first to distinguish between food and nonfood objects (for example, raisins and 
steel bolts) that are placed before them, they eventually re-acquire this ability if 
given practice. However, this learning does not transfer to another pair of food 
and junk objects. The monkeys had to learn to differentiate each new pair of objects 
on which we tested them. Once having learned these simple differentiations which 
a normal animal makes instantly, their subsequent retention of the task was 
excellent. It seemed to us that the general behaviour of bitemporal and disconnec- 
tion animals suggested a lack of recall for visual experience of even the most 
elementary sort. 

Terzian and Orre (1955) observed very nearly the same symptoms which were 
described by Klüver and Bucy in a patient with a bilateral temporal lobectomy 
that included the temporal cortex, uncus, amygdala, hippocampus and hippo- 
campal gyrus. Post-operatively the patient exhibited abnormal sexual behaviour 
(exhibitionism, homosexuality), hypermetamorphosis, an inability to recognize 
even close relatives and a complete absence of emotional behaviour. The patient's 
speech was unaltered in its elaboration and pronunciation, but ‘his language had 
become poorer and was composed of very elementary sentences within the limits 
of his natural needs, concerning the present and without reference to the past’. 
He also appeared to have a serious memory problem: ‘Not only did he not remem- 
ber at all what had recently happened, he did not remember anything of his past. 
Even when we insisted on knowing something about his house, his family, the city 
he lived in, the patient did not even seem to understand these questions, as if their 
object was entirely unknown to him. It was not possible to analyse his memory 
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functions, but we can affirm that the patient felt completely isolated, without 
a past to remember and consequently without any future whatever’. 


Localization of symptoms of temporal lobe injury. Terzian and Orre felt that 
their patient behaved much like Klüver and Bucy's monkeys. The Klüver-Bucy 
syndrome is a complex emotional and cognitive disorder that results from 
removal of a diverse collection of structures roughly subsumed under the rubric 
of temporal lobe. A certain amount of dissection of the symptoms with selected 
lesions has been possible in animal experiments and has led to the conclusion that 
the cortex of the middle and inferior temporal gyri (generally called the ‘infero- 
temporal cortex’) is the source of the ‘psychic blindness’. Lesions here produce 
severe deficits in the learning and retention of visual discriminations, but destruc- 
tion of the hippocampus or amygdala does not (Mishkin, 1954; Mishkin and 
Pribram, 1954). Simple visual tasks (that is, tasks that can be learned in relatively 
few trials) are disturbed less and sometimes not at all by inferotemporal lesions 
(see Mishkin, 1954; Mishkin and Pribram, 1954; Mishkin and Hall, 1955). These 
visual deficits cannot be accounted for by changes in visual acuity (Weiskrantz and 
Cowey, 1963). The effects of inferotemporal lesions are restricted to the visual 
modality (reviewed by Mishkin, 1966; Gross, 1972). 

Recently, functional differences between the anterior and posterior parts of the 
inferotemporal cortex have emerged (Iwai and Mishkin, 1968; Cowey and Gross, 
1970; Delacour, 1977). Posterior lesions produce deficits that have been charac- 
terized as perceptual in which the deficit depends upon the nature of the discrimi- 
nanda (Gross, Cowey and Manning, 1971). Anterior lesions produce deficits that 
are described as ‘mnemonic’ or ‘associative’ in nature; animals with such lesions 
appear to have deficits in forming stimulus-reinforcement associations (Jones and 
Mishkin, 1972, described below). Deficits in auditory discrimination follow 
removal of the superior temporal gyrus (see Iversen and Mishkin, 1973). 

The anterior end of the temporal lobe appears to be multimodal in its function 
(Stamm and Rosen, 1971; Jones and Mishkin, 1972). Jones and Mishkin studied 
the effects of lesions to the anterior end of the temporal lobe, to the orbital cortex 
(which connects to the temporal lobe by the uncinate fasciculus) and to the hippo- 
campus on object and place reversal problems. On the object reversal, the animal 
is trained to discriminate between two objects. After the animal has reached 
criterion the object that was rewarded now becomes the unrewarded object and 
the animal then learns the reverse of the original discrimination. This switch is 
repeated several times. The place reversal task is basically the same except that 
instead of the reward being linked to an object, it is related to the position of the 
stimulus. At first only the left side is rewarded and after that is learned, then the 
correct position is switched and only the right side is rewarded and so on. The 
number of trials to learn the reversals is taken as a measure of stimulus-reward 
association. Animals with anterior temporal lesions and those with frontal orbital 
cortex lesions are severely impaired on the object reversal but animals in which 
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the hippocampal gyrus and the hippocampus was removed were not different from 
normals in the object learning or object reversal. All the lesion groups including the 
hippocampal were impaired on the place reversal. The occurrence of deficits on 
spatial tasks of this kind is characteristic of -hippocampal lesions and will be 
discussed later. However, the measure of stimulus reinforcement association that 
is represented by the object reversal was not disrupted by hippocampal lesions, but 
was disrupted by anterior temporal and orbital frontal lesions. 

There are a number of experimenters who have noted a similarity between the 
effects of human medial temporal lesions and temporal cortex lesions in monkeys 
(Chow and Survis, 1958; Iversen and Weiskrantz, 1964; Dean and Weiskrantz, 
1974). In order to explain this similarity, Iversen and Weiskrantz postulated that 
there was a movement of temporal cortex in evolution so that monkey infero- 
temporal cortex becomes ventral and medial in the human brain and was therefore 
removed with Scoville’s medial temporal lobectomies. 

Destruction of the amygdala produces such a profound drop in emotionality 
that it has often been credited with being responsible for the Klüver-Bucy syn- 
drome. The learning deficits, however, do not occur with removal of the amygdala 
(Pribram and Bagshaw, 1953; Mishkin, 1954; Schwartzbaum, 1965; Horel et al., 
1975) and the emotionality changes (as well as the visual discrimination deficit) 
can be produced if care is taken to remove all of the anterior temporal neocortex, 
leaving medial structures, including the amygdala, intact (Akert, Gruesen, Woolsey 
and Meyer, 1961; Horel et al., 1975). 

Hippocampal lesions produce deficits on spatial problems and some of these 
results will be discussed later, but the majority of experimenters have failed to find 
general impairments of learning and retention with hippocampal lesions. No 
deficits are seen on visual discriminations (Mishkin, 1954) object reversals (Mahut, 
1971; Jones and Mishkin, 1972), matching to sample (Correll and Scoville, 1965b; 
Mishkin and Oubre, 1976), delayed response (Orbach, Milner and Rasmussen, 
1960; Mahut and Cordeau, 1963; Mahut, 1971) and a wide variety of other 
learning tasks in various species (see reviews by Douglas, 1967; Kimble, 1968; 
Isaacson, 1972; Jarrard, 1973). 

Thus in dissecting the Klüver-Bucy syndrome with lesions in monkeys, it seems 
that emotionality changes are produced either by damage to the amygdala or 
neocortex while learning and perceptual defects are produced by the cortical 
lesions but not by hippocampal lesions. 


Memory in animal experiments. It is currently the fashion to regard tasks used 
in animal research such as the two-choice visual discrimination as unrepresentative 
of the kinds of learning and memory displayed by humans. In a recent review of 
the evidence for this suggestion, Iversen (1976) starts with the assumption that the 
memory defect in humans is due to hippocampal damage. She rejects the suggestion 
that the lack of correspondence with animal observations is due to the uniqueness 
of the human brain. This forces her to conclude that the problem must lie with the 
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tasks that are used with animals: 'It is thought that simple associative learning 
of this kind puts very little pressure on the kind of dynamic information-handling 
process envisaged to transfer input from temporary to permanent storage'. She 
suggests delayed alternation and delayed response come *. . . closest to the kind of 
task that in humans requires dynamic interaction between short- and long-term 
memory; this type of task is impaired by hippocampal damage (Mahut, 1971), 
fornix section (Mahut, 1972) and anterior cingulate lesion (Pribram et al., 1962)’. 
Iversen concludes that involvement of delayed alternation or delayed response are 
the only hope for evidence of monkey memory defects with hippocampal lesions. 

However, as we shall see, delayed response and delayed alternation experiments 
provide no support for the hippocampal memory hypothesis. In the delayed 
response task, one of two foodwells is baited in full view of the monkey and then 
both wells are covered. After a delay, the foodwells are placed within the animal's 
_ reach and it must remember which one was baited. The same two foodwells are 
used in the delayed alternation task, but here they are baited out of the view of 
the animal. On one trial the left well is baited and on the next the right is baited 
and so on. A delay is imposed by the interval between trials and the animal must 
remember which side was rewarded on the last trial to perform correctly. 

It is interesting that in an early study on the effects of hippocampal lesions on 
delayed response and delayed alternation, Orbach, Milner and Rasmussen (1960) 
noted that ‘An analysis of the human temporal lobe data led us to predict that no 
disturbance in performance of the standard delayed response would be seen (nor 
for that matter in performance of delayed alternation, a prediction which proved 
correct in the one instance but not the other)’. They felt that distractions would 
have to be inserted into the delay period to produce deficits like those seen in 
human amnestics. In this study, as in others (Mishkin, 1954; Mahut and Cordeau, 
1963; Mahut, 1971) no deficit is seen on delayed response, with or without dis- 
tractions, if the lesion in the monkey is restricted to the hippocampus. 

It is also unlikely that the delayed alternation deficit which is seen after hippo- 
campal lesions is a defect in ‘the kind of task that in humans requires dynamic 
interactions between short- and long-term memory’. Delayed alternation is a 
spatial task in which the animal must go left on one trial, right on the next, left on 
the next and so on, with a delay between one trial and the next. If the task is made 
nonspatial by using a go no-go paradigm (respond on trial one, not on trial two, 
respond on trial three, etc.) where the animal responds to a single place, hippo- 
campal animals show no deficit. Another way to make the task nonspatial is to use 
the object reversal task which was already described. On trial one, response to 
object A is rewarded, ‘on trial two object B is rewarded, on three, A is again 
rewarded, etc. The side that A and B are on is irrelevant to solving the task. 
Hippocampal lesions produce no deficit on this nonspatial object alternation task 
either (Mahut, 1971). 

Thus, if the spatial aspect of the delayed alternation task is йшй; hippo- 
campal animals have no deficit. Probably the major thrust of current hippocampal 
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research is on its spatial functions. Lesions of hippocampus, fornix or mamillary 
body produce deficits on tasks that require determining one's position in space; 
and hippocampal cells discharge in relation to spatial position cues (O'Keefe and 
Dostrovsky, 1971; Mahut, 1972; O'Keefe, Nadel, Keightly and Kill, 1975; 
Rosenstock, Field and Greene, 1977; Jarrard, 1978; Olton, Walker and Gage, 
1978). We have already noted the deficit observed by Jones and Mishkin (1972) that 
animals with hippocampal lesions display on a spatial reversal task, but not on 
object reversals. Thus it is the spatial nature of these tasks, not their mnemonic 
feature, that disrupts the performance of animals with hippocampal lesions. 


Electrical correlates of hippocampal memory. Although the animal experiments 
are overwhelmingly negative on the effects of lesions to the hippocampus on 
learning and memory, a number of laboratories have found electrical correlates 
of learning in the hippocampus (see Adey, Kado, Didio and Schindler, 1963; 
John and Killam, 1960; Olds, 1970). A recent example is the observations of 
Thompson and his colleagues (Thompson, 1976; Berger, Alger and Thompson, 
1976). This work is a continuation of Lashley's search for engrams and carries the 
search to the hippocampus because of the Scoville and Milner observations. These 
workers studied the activity of single cells in the hippocampus during the con- 
ditioning of the nictitating membrane of the rabbit. They found cells whose 
activity correlated very highly with the conditioning process (pairing of CS and 
UCS produced an increase in the response of the units to the CS). They concluded 
that this indicates the presence of engrams, or memory traces in the hippocampus. 

However, Schmaltz and Theios (1972) and Solomon and Moore (1975), using 
the same animal and task, found no deficit in the acquisition and retention of the 
conditioned response with hippocampal destruction. In fact the CR was acquired 
more rapidly without the hippocampus. Thus, although information on con- 
ditioning is available to the hippocampus, an intact hippocampus is not necessary 
for it. ^ 

Electrophysiological correlates of learning and recall processes occur through- 
out the brain in areas where lesions are without effect in learning or memory (John, 
1972). Thus physiological recording is of little help in defining the anatomical 
structures responsible for the severe amnestic disorders that are known to occur 
with limited brain damage. 

It is apparent that the evidence for the conclusion that hippocampal lesions 
produce memory impairments rests entirely upon observations on humans. Efforts 
to bend the animal data to fit such a conclusion have been unsuccessful. 


The Human Temporal Lobes and Memory 


Amnesia from posterior cerebral artery disease. Except for one of Penfield and 
Milner's patients, which will be discussed later, the most celebrated cases of 
temporal lobe amnesia have not been brought to autopsy and we must rely in these 
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cases on the judgement of the surgeons as to the structures removed. There are 
a few cases of memory disorders, however, that result from posterior cerebral 
artery occlusion on which histology has been done and these cases have been used 
to support the hippocampal memory hypothesis (Glees and Griffith, 1952; Van 
Buren and Borke, 1972; Victor, Angevine, Mancall and Fisher, 1961). All these 
patients obtained their bilateral medial temporal lesions from diseased posterior 
cerebral arteries. 

The posterior cerebral artery supplies the medial quadrant of the temporal lobe, 
including the hippocampus, hippocampal gyrus and at least half of the inferior 
temporal gyrus and the white matter underlying the cortex; the maximum extent 
of the distribution of this artery over the temporal lobe varies from a minimum 
in some specimens of half the inferior temporal gyrus, and a maximum in others 
which includes up to the lateral surface of the superior temporal gyrus (Beevor, 
1909). The hippocampus receives much of its supply from this artery, which is 
a branch of the basilar artery, but some of its supply comes from the anterior 
choroidal artery which branches from the internal carotid (Beevor, 1909; Gold- 
berg, 1974). | 

In addition, the posterior cerebral artery supplies part of the fornix, mammillary 
bodies, wide areas of dorsal thalamus, including the pulvinar and the anterior 
nuclei, the midbrain and the medial aspect of the occipital lobe. 

As we should anticipate, much more than the hippocampus is involved in cases 
of posterior cerebral artery occlusion. Although the area injured does not include 
the entire distribution of the posterior cerebral artery, the pathology is extensive. 
Of particular interest here is that all three cases of Van Buren and Borke had 
severe degeneration of occipitotemporal white matter. Cutting these fibres in 
monkeys produces the Klüver-Bucy syndrome and an inability to relearn a pre- 
operatively learned discrimination (Horel and Misantone, 1974). Degeneration 
can be seen in the white matter of the temporal lobe in the photographs in the case 
of Victor et al. as well, and Glees and Griffith noted a decrease in the white matter 
of the temporal lobe in their case. 

Also, as we might expect from the contribution of the anterior choroidal artery, 
there was considerable sparing of hippocampus in these patients. This is par- 
ticularly interesting because from the surgeon’s description it was probably not 
completely destroyed in medial temporal lobectomies either, and a failure to 
completely remove the hippocampus in animals is sometimes advanced as the 
reason for their failure to produce learning defects. 

The anatomical basis of the amnesia that results from posterior cerebral artery 
occlusion is difficult to interpret. It confirms the results of animal and human 
surgery in suggesting that damage to the medial quadrant of the temporal lobe can 
produce deficits in learning and retention; however, it does not convincingly 
narrow the source of the symptoms to any particular structure within the quadrant. 
A similarly inconclusive source of evidence for temporal lobe memory functions 
derives from cases of limbic encephalitis and Alzheimer's disease. 
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Limbic encephalitis. Memory functions have also been associated with the 
hippocampus in limbic encephalitis. In these cases, encephalitis occurs in associa- 
tion with a carcinoma, usually of the bronchus. A salient feature of the pathology 
in these cases has been degeneration of ventromedial temporal lobe structures, 
with a particularly intense involvement of the hippocampus and amygdala 
(Brierley, Corsellis, Hierons and Nevin, 1960; Yahr, Duvosin and Cowen, 1965; 
Corsellis, Goldberg and Norton, 1968). Prominent among the many symptoms 
these patients display is a memory defect and this has been attributed to the hippo- 
campal lesions. The pathology is, however, too widespread and the symptoms too 
abundant to use these cases for localization. 


Alzheimer’s disease. Alzheimer’s disease is a presenile dementia that begins with 
a memory disorder and disorientation which becomes progressively worse ending 
finally in a complete dementia. Morphologically the disease appears as cortical 
atrophy with neurofibrillary tangles and ‘senile’ plaques (Sourander and Sjógren, 
1970). The frontal and temporal areas seem most affected (Corsellis, 1970). In 
a study of 85 cases, McLardy (1970) found an absence of hippocampal damage in 
patients with the disease. In order to explain the Scoville and Milner observations, 
McLardy suggested that the amnesia is produced by lateral entorhinal damage. 
There is some degeneration seen in the hippocampus of patients with Alzheimer's 
disease (Corsellis, 1970); but, there is also severe damage to the temporal neo- 
cortex and amygdala (Sourander and Sjógren, 1970). It is interesting that the 
latter study reports that 80-90 per cent of Alzheimer patients have the Klüver- 
Bucy syndrome; nonrecognition of faces, orality, and hypermetamorphosis, 
symptoms which in monkeys are related to damage to temporal neocortex and 
amygdala (Akert et al., 1961; Horel et al., 1975). 

Neither the lesions nor the symptoms are sufficiently limited in cases of limbic 
encephalitis and Alzheimer's disease to be informative about localization of 
symptoms of memory disorder. Somewhat more informative, although still 
controversial and inconclusive, are the findings on electrical stimulation of the 
temporal cortex. | 


Memory elicited by stimulation of the temporal lobe. Electrical stimulation of the 
exposed temporal cortex in conscious patients sometimes elicits a remarkable 
response in which specific memories or voices or images are produced by the 
electric current. It is reported that these memories are replayed during the stimula- 
tion in tape-recorder fashion (Penfield and Jasper, 1954). 'It was as though the 
stream of consciousness were flowing again as it did once in the past’ (Penfield 
and Roberts, 1959). These experiential responses have only been observed in 
patients with temporal lobe epilepsy. Bickford et al. (1958) found that if the 
stimulation was in the white matter rather than in the cortex an amnesia was pro- 
duced. Their electrodes were within the middle temporal gyrus. 

Penfield and Jasper (1954) interpreted these observations as indicating memory 
storage functions for the lateral surface of the temporal cortex. However, because 


NEUROANATOMY OF AMNESIA 415 


of the findings on medial temporal removal, these observations were re-interpreted. 
Penfield and Roberts (1959) pointed out that electrical stimulation creates a 
disturbed zone and a positive organized response identifies the function with 
which the stimulated area has normal connections. Thus the memory responses 
derived from stimulating the cortex were assumed to result from conduction to the 
hippocampus. 

Temporal cortex, however, projects only indirectly to the hippocampus via 
entorhinal and perirhinal cortex medial to the rhinal sulcus in the region of the 
uncus (Van Hoesen and Pandya, 1975a). The ‘prorhinal’ area on the medial bank 
of the rhinal sulcus and entorhinal area 28 project into the subiculum which 
projects into the hippocampus (Van Hoesen and Pandya, 19755). The temporal 
cortex has much more direct and robust connections to thalamus, basal ganglia, 
amygdala and other cortical areas, including other temporal cortex (Whitlock and 
Nauta, 1956). It seems likely that this entorhinal link to the hippocampus was 
seriously injured, if not totally destroyed, in the uncal removals that Scoville and 
Milner found did not produce amnesia. Learning and memory defects are not 
produced in monkeys with lesions in the region of the entorhinal cortex either 
(Mishkin, 1954; Mahut, 1972; Horel et al., 1975). 

The effects of stimulating the hippocampus are less clear. Jasper and Rasmussen 
(1958) stimulated the amygdala and hippocampus in 80 patients operated on at 
the Montreal Neurological Institute. In some cases they were able to directly 
stimulate the exposed structures. The most common response to stimulation of the 
amygdala were feelings or sensations relating to the alimentary tract or to a part 
of the body or the body as a whole. Nearly as frequently as these were some form 
ОЁ“. . . impairment in thinking, consciousness, or memory . . .' with amygdaloid 
stimulation. Hippocampal stimulation in 9 patients produced nothing to indicate 
memory functions for this structure. All responses seemed to be referred to vague 
feelings or sensations in the body or stomach. 

The results of Chapman, Walter, Markham, Rand and Crandall (1967) were 
quite different. Bilateral stimulation of the hippocampus resulted in clouding of 
memory or amnesia in 2 patients. In 7 of 15 epileptic patients reports of *. . . visual 
images, sounds, or memory fragments . . .' were noted when the hippocampus was 
stimulated. Adams and Rutkin (1970) noted that human hippocampal stimulation 
produced images and hallucinations. They found that *. . . no two stimulations 
of the same anatomical point produced the same hallucinations, that certain 
images and hallucinations were not derived from memories of real experiences, 
and at times, recent perceptions, ideas or motives were present in the content of 
these visual events'. 

Rasmussen made an important observation on stimulating the amygdala and 
hippocampus in the Discussion following the paper by Chapman et al. (1967). ‘We 
have stimulated these regions through depth electrodes at operation in well over 
300 patients undergoing operation for temporal lobe epilepsy. Almost without 
exception, when stimulation of the amygdala or hippocampus has produced 
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a complex hallucinatory or interpretive response, there has been significant 
alterations of the electrical activity of the surface of the temporal lobe, with the 
normal brain waves being replaced by irregular high-amplitude slow waves, by 
an organized after-discharge, or by a diffuse flattening of the record. In the 
vast majority of the stimulations, in which the after-discharges spread from 
the amygdaloid region to the hippocampus, or vice versa, without alteration of the 
electrical activity of the convexity, there was either. no clinical response to the 
stimulation, or the response consisted of a vague somatic or visceral sensory 
response'. І 

A number of animalexperiments have shown а retroactive amnesia to a behaviour 
learned just prior to stimulation of amygdala (see Kesner and Doty, 1968; Gold, 
Macri and McGaugh, 1973) or hippocampus (see Kesner and Doty, 1968; 
McDonough and Kesner, 1971; Zornetzar, Boast and Humrick, 1974). Occa- 
sionally, facilitation of learning is seen when the hippocampus is stimulated 
electrically in animals (see Destrade, Soumireu-Mourat and Cardo, 1973). Chow 
(1961) produced an after-discharge in the temporal cortex or hippocampus of 
monkey by electrical stimulation. Bilateral temporal cortex after-discharge 
severely disrupted the acquisition or retention of visual discrimination. Bilateral 
or unilateral hippocampal discharges were without effect on retention of this 
task. 

Of particular interest to the suggestions of this paper are the observations of 
Doty and Overman (1977). They trained monkeys to press a lever for a fruitjuice 
reward in response to a stimulus. In some cases this conditioned stimulus was an 
electrical stimulation of area 17; in others it was a sound (clicks) or a visual 
stimulus (red light). Electrical stimulation of the anterior commissure or its 
radiations into the temporal lobe during training completely prevented acquisition 
of the task. The anterior commissure is the interhemispheric connection between . 
the two temporal lobes, interconnecting cortex, and amygdala, but not hippo- 
campus (Zeki, 1973). Some noncommissural projections of the temporal cortex 
are within what is generally called the anterior commissure (Whitlock and Nauta, 
1956) and at the temporal stem the anterior commissure, ansa peduncularis and 
other fibres of the temporal cortex run together (Whitlock and Nauta, 1956; 
Klingler and Gloor, 1960). It is this white matter which, when cut by Horel and 
Misantone, completely disrupted the ability of monkeys to relearn a visual 
discrimination. 

The results of electrical stimulation of temporal lobe structures provide us with 
a somewhat confusing picture. They seem to indicate some memory function for 
the temporal cortex, amygdala and hippocampus. However, the most powerful 
and consistent effects seems to derive from stimulation of the neocortex or its 
medullary core. Yet, there has been a reluctance to consider memory functions 
for the human temporal cortex, not only because of the Scoville and Milner report, 
but also because of the ambiguous results of lesions of the human temporal 
cortex. 
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Lesions of human temporal cortex. In monkeys, removal of the entire temporal 
neocortex produces severe behavioural disorders including defective learning and 
retention and the entire Klüver-Bucy syndrome (Akert et al., 1961; Meyer, 1958; 
Horel et al., 1976). If the lesions are smaller the symptoms are much less and depend 
upon where they are placed and the task that is required (Mishkin, 1966; Gross, 
1972). Damage to the white matter produces a deafferentation of cortical areas 
and small lesions at bottlenecks such as the temporal stem can produce devastating 
results. This should be kept in mind when evaluating the effects of lesions of 
temporal cortex in humans. 

In the past it has been felt that unilateral damage to the temporal lobe in humans 
does not produce any deficits unless it is accompanied by contralateral pathology. 
However, Milner (1971, 1972) has found that if the tests are sufficiently sensitive, 
deficits in verbal memory can be detected with left temporal lesions and deficits 
in nonverbal perceptual functions are produced with right temporal lesions. Milner 
(1971, 1972) reported work done by Corsi in her laboratory on patients who, 
according to the surgeon’s description of his intentions, removed just the temporal 
cortex, or removed the cortex plus hippocampus. Temporal cortex lesions produced 
impairments, but if the hippocampus was included in the lesion, the deficit was 
more severe. This evidence is used to support the hippocampal memory hypothesis. 
It is hazardous to guess at the true placement and extent of the lesions in these 
patients, but it seems probable that temporal cortex white matter was transected 
in approaching the hippocampus. This could increase the effective cortical lesion 
and exacerbate the memory disorder in these patients. In any case, these unilateral 
lesions produced deficits that are not nearly as severe as bilateral lesions. 

Gol and Faibish (1967) removed the hippocampus surgically in several patients 
in an attempt to relieve pain. In some cases they approached the hippocampus by 
inserting a blade between the superior and middle temporal gyri; in other patients 
the lesions were performed stereotaxically. From autopsies of this material the 
authors felt that the memory defect correlated better with damage to temporal 
neocortex than to hippocampus, but they admitted that they were unable to clearly 
separate the effects of damage to the two structures. 

Reports of large bilateral lesions restricted to the temporal cortex in humans are 
rare. One that appears to fit this category, although there is no supporting pathology, 
was reported by Petit-Dutaillis, Christophe, Pertuiset, Dreyfus-Brisac and Blanc 
(1954). They removed the temporal cortex bilaterally to relieve epilepsy. The 
removal was intended to spare the uncus and hippocampus and extended 6-5 cm 
posteriorly on the right and 7 cm on the left with sparing of some of the superior 
temporal gyrus on that side to protect language function. A month after the 
operation there was a retrograde amnesia for the months immediately preceding 
the operation but a sparing of older memories. Also, there was a 'dysmnésie de 
fixation (amnésie d’intégration)’. It was found that the patient could not retain the 
sense of a phrase which he obtained from reading. There were other psychological 
disorders (homosexuality, paranoia) but these were present in some form 
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pre-operatively. Eventually the patient recovered to the point when his memory 
seemed satisfactory. This led the author to suggest that the temporal cortex is not 
involved in memory functions. 

Sabourand, Gagnepain, Chatel and Menault (1976) presented a case with lesions 
of the temporal cortex which they felt indicated a lack of memory functions for 
this structure. In this case the pathology was available. The lesion resulted from 
a motor cycle accident which produced bilateral damage to the superior, middle 
and inferior temporal gyri. 

The left temporal lobe lesion was massive. The hippocampus, hippocampal gyrus 
and uncus were spared, as was most of the superior temporal gyrus. The middle 
and inferior temporal gyri were almost completely destroyed. The cortical lesion 
extended posteriorly to the supramarginal gyrus. There was an area of necrotic 
white matter which extended from the middle and inferior temporal gyri into 
a localized area of the occipital lobe above the posterior horn of the lateral ventricle. 
Secondary degeneration of the white matter was scattered throughout the superior 
temporal gyrus and fusiform gyrus and extended posteriorly into the occipital lobe. 
The right temporal lobe lesion was much more circumscribed. Anteriorly the 
crowns of the superior, middle and inferior temporal gyri were destroyed but there 
was some sparing of the depths and banks of their sulci. The damage extended 
posteriorly to the level of the lateral geniculate nuclei where they were reduced to 
two shallow lesions, one on the superior temporal gyrus and another on the inferior 
temporal gyrus. There was some secondary degeneration in the white matter of 
these gyri, but the remainder of this lobe, including all of the medial structures, 
were intact. Retrograde degeneration occurred in the lateral half of the left lateral 
geniculate nucleus corresponding to the fibres of Meyer's loop. There was some 
pulvinar degeneration. 

The patient was 15 years old at the time of the accident and was observed closely 
for five years before he died. During this time, he could utter no comprehensible 
language; his spontaneous sounds were inarticulate and uninterpretable. He was 
unable to follow commands and would ‘echo’ commands if given orally or imitate 
the gestures if the commands were demonstrated. He was unable to identify objects 
or pictures placed before him nor place labels on pictures. Extensive attempts to 
re-educate him met with little success. The reason for claiming that his memory was 
intact was that in attempting to train him they had him copy pictures. When 
presented with a model to copy which he had already done, instead of slavishly 
copying it, he would search for it in the pages of his copy book or look for it in 
a drawer. It is interesting in the light of the perceptual properties discovered for the 
right temporal lobe (Milner, 1971, 1972) that the right temporal cortex was the 
least injured and picture copying was performed effectively by the patient and he 
had evidence of memory for these pictures. Also, he was able to differentiate 
between family and non-family, friends and disciplinarians, nurses and physicians. 
But, within those classes his reactions were identical — without distinctions that 
would permit one to suppose that he knew the differences of the roles and positions 
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of these people. The intellectual status of this patient was very much like that of 
the case of bilateral temporal lobectomy described by Terzian and Orre discussed 
earlier. However, in this case the hippocampus and amygdala were intact. 

"These observations are not inconsistent with the results of lesions of the temporal 
cortex in animals. In the second case there was one small indication of intact 
memory processes in an otherwise incredibly devastated cognitive functioning that 
did not recover. Animals with complete temporal cortex removal can learn (Meyer, 
1958) and H. M. with his medial temporal lesion can learn some tasks as well 
(Milner et al., 1968). Thus temporal lesions of any kind do not produce a total 
inability to learn, but for reasons that have not been decided they do produce very 
severe learning disorders. Recovery of function is also frequently seen, especially 
with smaller lesions. It is not clear, in the first case above, how much tissue was 
actually removed or whether the patient returned completely to normal in his 
cognitive functions. It is clear that he did have a very severe memory disorder that 
lasted several months. I would like to suggest that if the damage to the temporal 
cortex is large enough, a more profound and permanent defect would be seen, as 
in the case reported by Sabourand et al. (1976), and as is seen with lesions of the 
temporal cortex in animals. H. M. is not nearly as severely affected as the case 
reported by Sabourand et al., except for picture recognition in the Sabourand case 
which is explained by intact temporal cortex on the right side. H. M. retains his 
pre-operatively learned skills and his ability to differentiate between people he 
knew pre-operatively, but with a few exceptions he cannot learn new skills or 
differentiations. The case reported by Sabourand et al. seems to have lost his pre- 
traumatic skills and differentiations as well as his ability (again with a few excep- 
tions) to acquire new tasks. However, H. M.’s disability can be considered to be 
contained within the larger deficit presented by the Sabourand case. 

Thus, an even more severe amnesia can be produced with large temporal cortex 
lesions than with medial temporal removal. I believe that the two effects are related 
in that the medial temporal lesions are cutting some of the fibre tracts of the 
temporal cortex. 


Temporal Stem Lesions and Memory 


Injury to the temporal stem in humans. Scoville (Scoville, Dunsmore, Liberson, 
Henry and Pepe, 1951; Scoville and Milner, 1957) approached the medial temporal 
lobes through a supraorbital trephination. The tip and medial surface of the 
temporal lobes were exposed and the temporal tips were bisected. The resections 
were then extended posteriorly with a suction tip and a spatula, dissecting out the 
uncus, amygdala, anterior hippocampus and hippocampal gyrus. 

The question raised here is whether or not such a lesion could damage the 
temporal stem and whether or not such damage could produce defects of learning 
and memory. An examination of the white matter of the human temporal lobe 
reveals that some of it crosses directly in front of the hippocampus (Klingler and 
Gloor, 1960; DeArmond, Fusco and Dewey, 1976, fig. 82). These fibres are 
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necessarily transected by the medial temporal lobe excisions. From the description 
of Klingler and Gloor (1960) of the projections of this white matter, it would 
appear to be impossible to make these lesions without transecting at least the ansa 
peduncularis, as well as other temporal lobe pathways. 

In addition to these fibres that had to have been transected, it seems likely that 
other parts of the temporal white matter were injured by these lesions. As we move 
posteriorly to the hippocampal region, the temporal stem is seen as a band of white 
matter directly across the narrow slip of the inferior horn of the lateral ventricle 
(fig. 1). The further posteriorly these lesions extend as the tissue is retracted to 
expose the hippocampus, the more likely that this fragile white matter will be 
damaged. In addition, the blood supply to the ventromedial quadrant of the 
temporal lobe, including the white matter, is by way of branches from the posterior 
cerebral artery that penetrates through the tissue that is removed by the operation 
(Beevor, 1909). The same surgeon, using the same method of removing the medial 
temporal lobe, consistently damaged the temporal stem of monkeys (Correll and 
Scoville, 1965a, b). Later, we will examine these data to determine if the stem lesions 
had an effect on performance. 

Penfield and Mathieson (1974) have presented the autopsy findings on Case B 
of Penfield and Milner (1958). In this patient a severe and permanent amnesia 
followed removal of one temporal lobe. The temporal lobe was removed in two 
stages separated by several years. In the first operation, the uncus and hippocampus 
were spared and there was no amnesia. The second operation was performed 
because of an increase in epileptic attacks. At this time the anterior half of the 
hippocampus and the uncus were exposed and removed. The result was the well- 
known anterograde and retrograde amnesia characteristic of medial temporal 
injury. The authors speculated that the patient had a defective hippocampus 
contralateral to the injury so that the operation removed the only remaining 
functional hippocampus. 

Autopsy revealed that the hippocampus contralateral to the temporal lobectomy 
was shrunken and its associated fornix was reduced in size, which is consistent 
with Penfield and Milner's predictions. However, on the lesion side, the posterior 
22 mm of the hippocampus was intact and appeared normal except for a thinning 
of the alveus which was probably secondary to the removal of the anterior end 
of this structure. Gliosis was seen in the white matter in the intact part of the 
temporal lobe on the side of the lesion and in the contralateral temporal lobe 
as well. 

In the photographs of the fibre-stained material, this degeneration is clearly 
apparent as a pale area in the darkly stained temporal white matter. The temporal 
stem appears to be completely degenerated in these pictures. In fact a comparison 
of the photographs of the hippocampus and temporal lobe white matter (Penfield 
and Mathieson's figs. 5-8) suggest that the temporal stem was more severely 
damaged than the hippocampus. Exposure ofthe hippocampus must have damaged 
the temporal stem in that part of the temporal lobe not removed in the original 
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lesion just as I suggested must have occurred in Scoville's surgery. The autopsy 
reveals degeneration of the contralateral stem and some degeneration of the 
temporal medulla as well. I propose that it is this bilateral damage to the temporal 
stem and white matter of the temporal medulla that is responsible for the amnesia 
of these patients, not the partial hippocampal damage. 

The temporal stem or albal stalk contains fibres that interrelate temporal cortex 
and amygdala with other brain structures (Klingler and Gloor, 1960; Nauta, 1961, 
1962; Whitlock and Nauta, 1956; Zeki, 1973). The corticocortical connections 
that enter the white matter of the temporal lobe posteriorly are uninjured by the 
temporal stem lesions which we are discussing here. The projections to the posterior 
thalamus and midbrain (Whitlock and Nauta, 1956) must be spared by the 
anteriorly placed temporal stem lesions. 

However, there are a number of important connections in the lesion area. Within 
this area are the uncinate fasciculus which interconnects the orbital surface of the 
frontal lobe and the temporal lobe, temporal cortex projections to the medial 
magnocellular part of the medialis dorsalis (ОМ), the ventral part of the puta- 
men, the claustrum, the tail of the caudate, thalamic reticular nucleus and zona 
incerta (Whitlock and Nauta, 1956; Reitz and Pribram, 1969). The intertemporal 
component of the anterior commissure forms a large part of the temporal stem; 
some of the fibres that are within this massive tract labelled anterior commissure 
do not decussate, however, but terminate in the medial thalamus (Whitlock and 
Nauta, 1956). Fibres to DMm run in the ansa peduncularis and some run for 
a time in the temporal limb of the anterior commissure. The ansa peduncularis 
is a large fibre tract containing many diverse elements that extends through the 
sublenticular gray matter. It should not be confused with the nearby unrelated 
ansa lenticularis. The ansa peduncularis has been described by Nauta and Mehler 
(1966) and Klingler and Gloor (1960) and is illustrated in fig. 59 in the DeArmond 
et al. (1976) Atlas. Some ofthe temporal projections exit from the ansa peduncularis 
and join the inferior (or extracapsular) thalamic peduncle which enters the DMm 
(Whitlock and Nauta, 1956; Klingler and Gloor, 1960). There are also amygdaloid 
efferents in the temporal stem (Nauta, 1961) and projections back to the amygdala 
from DMm (Nauta, 1962). It is interesting that although there are projections to 
DMm from the temporal cortex, no reciprocal connections were noted (Nauta, 
1962). However, DMm projects to orbital cortex (Akert, 1964; Nauta, 1964) and 
orbital cortex projects to temporal cortex via the uncinate fasciculus. 

From this description it is apparent that the narrow band of white matter that 
forms a bridge between the medullary core of the temporal lobe and the capsules 
of the brain-stem represents a bottleneck through which flows a diversity of major 
pathways. What are the consequences of obstructing this crossroad which is so 
crowded with temporal lobe information? 


Injury to the temporal stem in monkeys. We transected the temporal stem in two 
ways: one by an approach through the lateral sulcus and one through an anterior 
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_ approach in the same manner as Scoville’s removal of the medial temporal area 
(Horel and Misantone, 1974, 1976). Post-operatively, animals with their temporal 
stem transected performed at chance for 1200 trials on a visual discrimination task 
they had easily learned pre-operatively in 250-600 trials. Normal animals show 

excellent retention of such tasks over the same period of time. Some of the Klüver- 
.. Bucy syndrome, such as a drop in emotionality, was present as well, but amygdala 
damage complicates the interpretation of that effect. These emotionality changes 
can be produced by destruction of the amygdala without disrupting retention of 
this task (Horel et al., 1975). The animals seemed otherwise normal and worked 
readily on the task. 

In searching the literature we discovered a number of studies in which the 
temporal stem had been inadvertently damaged while attempting to destroy nearby 
structures. Divac, Rosvold and Szwarcbart (1967) destroyed the tail of the caudate 
nucleus and found deficits in visual discrimination performance. From the limited 
. histology they present, it appears that the lesions also invade the temporal stem, 
particularly the ansa peduncularis and temporal limb of the anterior commissure. 
They looked for these deficits with lesions of the tail of the caudate because of the 
projection it receives from the temporal cortex. 

Buerger, Gross and Rocha-Miranda (1974) also attempted to block the output 
of the temporal cortex, but with ventral putamen lesions. Operated animals were 
significantly impaired on the retention of a visual pattern discrimination. Rank 
order correlation between amount of damage to the part of the putamen which 
receives the greatest amount of temporal cortex projections and performance 
deficit was 0-50 (P < 0-05). The correlation between the severity of the impairment 
and damage to the temporal stem (‘external white matter’) was 0-73 (P < 0:01). 
It is interesting that damage to the temporal stem anterior or posterior to this 
putamen area which receives a heavy temporal cortex projection did not correlate 
with severity of deficit (r, — 0-12). This suggests that there may be a limited part 
of the stem that is critical for the performance of these tasks. 

Of even more direct relevance for the theme advanced here are the findings of 
Correll and Scoville (19655). By the mid 1960s it had become apparent that the 
usual learning and retention tasks that were used with animals were unaffected 
by lesions which were confined to the hippocampus. This prompted Correll and 
Scoville to turn their attention to the ‘. . . structural aspects of the problem’ and 
attempt to ‘replicate more closely certain parameters of a human memory task’. 
For this they chose a delayed matching to sample task. The animal is first presented 
with a sample stimulus. After a delay it is presented with two simuli, one of which 
: matches the sample. If it responds to the stimulus that matches the sample it is 
rewarded and if it does so consistently this is evidence that it remembered the 
sample over the delay interval. 

In one group the tissue that was removed and the surgical approach used was 
exactly like that of the large medial temporal lobectomies in humans in which the 
uncus, amygdala and hippocampus were removed; in another group the same 
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approach was used, but only the amygdala and uncus were removed. In a third 
group the hippocampus and hippocampal gyrus was removed by a suboccipital 
approach instead of the anterior approach that was used in the other animals. 
Finally, there was a group of sham operates. Fortunately, the authors provide 
a detailed table of the damage that was done to each animal and each animal's 
score on the task. A severe deficit is seen in performance on the match and delayed 
match condition in the medial temporal group. The animals with amygdala lesions 
performed worse than controls, but not significantly so. But the group in which the 
hippocampus was removed by an occipital approach showed no evidence of a 
deficit on this task. 

The authors believed that damage to the temporal stem was not responsible for 
the effects that they observed because animal A57 had a deficit without evidence 
of stem damage. However, examination of their Tables suggests that A57 is the 
excéption rather than the rule. The animals with medial temporal lesions had severe 
damage to the temporal stem and had severe deficits on the task. The animals in 
the amygdala group had slight damage to the temporal stem and slight deficits 
on the task, while the animals in which the hippocampus was removed by a sub- 
occipital approach had no stem damage and no deficit. I performed a rank order 
correlation on these data between the deficit on the match condition for all lesion 
groups and the amount of damage listed for the temporal stem in their Table. The 
correlation was 0-80 (P < 0-01). Inspection of their Tables 1 and 4 suggest that 
a correlation between the deficit and stem damage is not limited to the match 
condition but is present in the delayed matches as well. Therefore, if the medial 
temporal lobectomy is performed on monkeys in the same way that it was done on 
humans, damage to the temporal stem is produced and a deficit on delayed matching 
to sample is seen. But if the hippocampus is removed in such a way as to spare the 
stem, there is no deficit. 

. If the Correll and Scoville deficit in delayed match to sample is due to stem 
damage, the deficit should also be produced by temporal cortex damage, and this 
has been found (Dean, 1974; Mishkin and Oubre, 1976). Dean extensively over- 
trained his monkeys on delayed match before making lesions in the inferotemporal 
cortex. Post-operatively they showed no retention of the task—a ‘retrograde : 
amnesia'. They were also initially unable to relearn the task even at zero delay 
which could be interpreted as prograde amnesia. After extensive retraining on 
simpler problems and thousands of trials, Dean finally got two of his animals to 
reach criterion at zero delay. Once they reached criterion they performed normally 
at all delays up to thirty seconds. This capacity to remember stimuli over short 
intervals is remarkably like the ‘immediate memory’ that is undisturbed in human 
amnestics. Thus, Dean’s monkeys like H. M. have a retrograde and prograde 
amnesia with an intact immediate memory. It seems likely that if Correll and 
Scoville had pushed the training of their monkeys as far as Dean, they too would 
have reached the point where they could perform normally at the same delays, thus 
exhibiting an intact ‘immediate memory’. 
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Dean’s monkeys had great difficulty relearning the matching task post- 
operatively, but once they finally acquired it, there was no apparent decrement 
in performance from day to day. Monkeys with inferotemporal lesions are impaired 
in reaching criterion, but once a task is acquired, retention is normal (Gross and 
Footnick, 1966, cited by Gross, 1972). Similar observations have been made on 
human amnestics. Milner et al. (1968) demonstrated that H. M. could learn a 
simplified maze, although with great difficulty. When tested two years later, he 
showed excellent retention of the task (Milner, 1970). He was also able to retain 
a picture recognition task over a four-month period. 

Stepien, Cordeau and Rasmussen (1960), Orbach et al. (1960) and Correll and 
Scoville (1965a) also made large medial temporal lesions in monkeys with the inten- 
tion of duplicating the human surgery. Stepien et al. (1960) (histology, reported 
in Cordeau and Mahut, 1964) and Orbach et al. (1960) did not examine their 
histology for stem damage. Orbach et al. found pulvinar degeneration with their 
lesions which indicates that they invaded temporal white matter. They attempted 
to control for this by making pulvinar lesions, but if they damaged the thalamic 
projections of the pulvinar to the temporal cortex, they must have damaged some 
of the other tracts in the stem as well. Correll and Scoville (1965a) reported stem 
damage in their histology, but unlike their delayed match experiment, they do not 
present individual scores and they have no group with only hippocampal lesions. 

Thus, we cannot determine from these three medial temporal experiments what 
role the temporal stem may have played in the performance of the animals. How- 
ever, all the medial temporal groups in these experiments displayed deficits which 
are also produced by temporal cortex lesions, and some of these have not been 
found when the lesion is restricted to the hippocampus or amygdala. Stepien et al. 
(1960) trained their animals on compound visual or auditory stimuli. Two signals 
were presented separated by a short interval; if they were the same the animals 
responded, if they were different they withheld their response. Superior temporal 
lesions produced deficits when auditory stimuli were used and inferior temporal 
lesions produced deficits when visual stimuli were used. The medial lesions, which 
included injury to amygdala, hippocampus and probably stem as well, produced 
deficits on both the auditory and visual tasks. 

Orbach et al. (1960) found deficits in retention of pre-operatively acquired visual 
discriminations, no deficit in the post-operative acquisition of a simple visual 
discrimination (in spite of distractions) and a severe impairment in the acquisition 
of a visual pattern discrimination. As discussed previously, lesions restricted to 
the hippocampus (see Mishkin, 1954) do not produce deficits in acquisition and 
retention of visual discriminations, nor do amygdaloid lesions (see Ноге! etal., 
1975); however, temporal cortex lesions (Mishkin, 1954) and temporal stem lesions 
(Horel and Misantone, 1974, 1976) do produce severe deficits on these kinds of 
tasks. It seems likely from the pulvinar degeneration in the study by Orbach et al. 
that the temporal stem was injured and that the visual discrimination deficits were 
due to that injury. 
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Orbach et al. also found a deficit on delayed alternation in their medial temporal 
animals and, as discussed earlier, deficits on this spatial task are attributable to the 
hippocampal damage. They found no deficit on delayed response and there are 
no deficits on this task with temporal cortex lesions either (see Harlow, David, 
Settlage and Meyer, 1952; Mishkin, 1954), which has been interpreted as evidence 
for an intact immediate memory analogous to that of amnestics. The animals of 
Orbach et al. were later retested for retention on some of the tasks that they had 
acquired post-operatively and for the most part, retention was very good. As 
mentioned above, this is characteristic of animals with temporal cortex lesions and 
of human amnestics. 

The visual discrimination experiment of Correll and Scoville (1965a) presents 
some problems of interpretation. The animals were trained on visual pattern 
discriminations in which either one pair of stimuli or two pair or three pair or six 
pair were presented serially in one session. They found no statistically-significant 
impairment on the one pair problem, which is simply a two choice visual dis- 
crimination. Deficits were found on the multiple pair problems. Their failure to 
find severe deficits on the two choice visual discrimination in the presence of stem 
damage is not consistent with the findings of Horel and Misantone (1974, 1976). 
Correll and Scoville, however, state in their discussion that “There is also a tendency 
for Ss with the most involvement of the temporal stem to show the poorest scores 
on the one pair problem, but not on the six pair problem.’ 

The medial temporal animals had severe deficits on the multiple discrimination 
task and this task is nearly identical to the concurrent object discrimination used 
by Iwai and Mishkin (1968) and Cowey and Gross (1970) as a test of associative 
learning. They found that anterior temporal cortex lesions severely disrupt per- 
formance of this task. More posterior inferotemporal lesions disrupt learning and 
retention of two choice visual discriminations while anterior lesions are much less 
effective in producing deficits on this task. It is probably fibres from the more 
posterior cortex that were injured by Buerger et al. (1974). They found that lesions 
placed more anteriorly in the stem were less effective in producing visual dis- 
crimination deficits. Therefore, it is possible that the stem lesions in the Correll 
and Scoville multiple discrimination experiment were concentrated anteriorly and 
disrupted the anterior temporal cortex system. Their temporal stem lesions must 
have been limited, otherwise I would predict from our results that they would 
never have got past their first and simplest task. 

With the exception of the Correll and Scoville delayed match experiment, the 
medial temporal experiments provide us with no direct evidence on the involve- 
ment of the stem in the observed symptoms. However, it seems likely that it was 
injured in all of them. Most of the symptoms that were produced by these lesions 
have also been produced by temporal cortex lesions. Some of these have not been ` 
found in other experiments when the lesions were restricted to the hippocampus or 
amygdala. Spatial delayed alternation is an exception to this and is related to 
hippocampal damage. It seems to be a reasonable suggestion that the temporal- 
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cortex-like symptoms were produced by stem injury. Stem damage was unintended 
in all these experiments and where it was measured, varied widely in amount and 
` in the severity of the symptoms which were produced. 

The humans with large medial temporal lesions that included the hippocampus 
must have suffered some stem damage. Severe bilateral stem damage is clearly 
evident in the one case for which there is pathological evidence. With stem damage 
we should expect symptoms of temporal cortex injury. The most prominent 
symptoms these patients display are a retrograde and prograde amnesia with an 
intact immediate memory. Comparable deficits have been seen in animals with 
temporal cortex lesions—pre-operatively learned tasks are lost and they exhibit 
an extreme difficulty or an inability to learn new tasks post-operatively. They 
perform normally on measures of immediate memory such as delayed response 
and delayed match to sample if the task can be learned. A similar pattern of 
symptoms has not been described with lesions restricted to the hippocampus or 
amygdala. However, if large medial temporal lesions are made in animals by 
operations similar to those which have been performed on humans, temporal stem 
injury occurs and symptoms characteristic of damage to temporal cortex are 
apparent. It is the argument of this paper that it is injury to the connections of the 
temporal cortex within the stem that is responsible for the amnesia which is seen 
in humans with medial temporal lobe lesions. 


Structures related to the temporal stem. The temporal stem contains a number 
of diverse projections of the temporal cortex and amygdala. One source of evidence 
on the fibre tracts within the stem which are responsible for the symptoms that 
follow its injury is the effects of damage to their separate origins and terminations. 
The cortical projections to the pulvinar and midbrain are probably not responsible 
for the deficits that we are seeking, both because the pathways to them from the 
temporal lobe were probably spared with medial temporal lesions and because 
damage to them does not produce comparable results. Early reports of tectal 
damage in primates did suggest important visual deficits. However, the majority 
of experiments on tectal and pretectal lesions in primates report trivial effects on 
such tasks as visual discriminations (Anderson and Symmes, 1969; Keating, 1976). 
Also, pulvinar lesions do not affect tasks which are sensitive to temporal lobe 
damage (Chow, 1954; Mishkin, 1972; Ungerleider, Ganz and Pribram, 1977). 
Lesions to this structure produce deficits that are more characteristic of tectal than 
temporal damage (Chalupa, Coyle and Lindsley, 1976). 

The temporal neocortex also projects to the tail of the caudate and to the ventral 
putamen and lesions in both these areas have been reported to cause visual deficits 
(Divac et al., 1967; Buerger et al., 1974). However, as mentioned, the interpretation 
of these results is complicated by the fact that in both these Studies the lesions 
invaded the temporal stem. 

The effects of lesions of the orbital cortex bear some E N to those due 
to damage to temporal cortex (Butter, McDonald and Snyder, 1969; Jones and 
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Mishkin, 1972; Passingham, 1972). These findings cause one to look with interest 
at medial magnocellular medialis dorsalis which receives projections from the 
temporal cortex through the stem and projects to the orbitofrontal cortex. Here 
we encounter the interesting suggestion of Victor, Adams and Collins (1971) that 
it is damage to medial magnocellular medialis dorsalis and not the mammillary 
bodies that is responsible for the memory defect of Korsakoff's psychosis. This 
requires careful examination, because the attribution of these memory defects to 
the mammillary bodies has been one of the mainstays of the hippocampal memory 
hypothesis. 


Korsakoff s Psychosis and the T. emporal Stem 


Relationship of Korsakoff's psychosis to the medial thalamus. Korsakoff's 
psychosis results from a thiamine deficiency generally secondary to chronic 
alcoholism. This produces degeneration of neural tissue along the walls of the third 
ventricle, cerebral aqueduct and fourth ventricle. The degeneration is unevenly 
distributed over these structures and affects different structures in different people 
but generally produces bilaterally symmetrical lesions (Victor et al, 1971). 
Korsakoff's psychosis occurs when the degeneration is around the third ventricle 
and presents as a severe learning and memory defect sometimes with confabulation 
which is much like that which follows medial temporal lobe lesions. Early memories 
remain relatively intact and there is a period of retrograde amnesia and an antero- 
grade amnesia (Seltzer and Benson, 1974, but see Sanders and Warrington, 
1971). 

The memory defect in Korsakoff's psychosis is generally attributed to the high 
incidence of degeneration of the mammillary body that is seen in these patients 
(Malamud and Skillicorn, 1956; Barbizet, 1963). This finding obviously connects 
Korsakoff's memory defect to the hippocampus by way of the fornix. However, 
the same problem exists for the connection of mammillary bodies to memory as 
for the hippocampus and memory hypothesis: learning and memory defects have 
not been found with mammillary lesions in animals (Ploog and MacLean, 1963; 
Dahl, Ingram and Knott, 1962; Woody and Ervin, 1966; Kim, Chang and Chu, 
1967). Mammillary lesions, like hippocampal lesions, produce deficits on spatial 
tasks (Rosenstock, Field and Greene, 1977). 

Victor et al. (1971) studied 245 patients with Wernicke-K orsakoff's syndrome, 
82 of them brought to autopsy. They found the memory disorder to be associated 
with degeneration of magnocellular medialis dorsalis but not consistently with 
mammillary disease. Five patients had severe degeneration of the mammillary 
bodies but no learning or memory defect. 

The disease first damages the ventromedial part of the magnocellular medialis 
dorsalis. This is the point of entrance for the temporal projections to this structure 
that come from the temporal stem and ansa peduncularis (Klingler and Gloor, 
1960). As the disease progresses it penetrates deeper into the brain structures, 
damaging first and most severely the magnocellular medialis dorsalis. 
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Amnesia from medial thalamic lesions in humans. The dorsomedial nucleus is 
a large structure on the medial aspect of the dorsal thalamus. It is divisible into 
three distinct subnuclei each having different anatomical relations with the frontal 
lobe (Pribram, Chow and Semmes, 1953; Nauta, 1964; Akert, 1964; Leonard, 
1972; Tanaka, 1976). The pars multiformis and the pars paralaminaris relate to 
the dorsal surface of the frontal lobe. The magnocellularis is the most medially 
situated of the three and projects to the orbital and medial frontal cortex. We have 
already noted the projection from temporal cortex to magnocellularis. The magno- 
cellularis also receives projections from the amygdala (Nauta, 1962), from the 
septal region and the midbrain tegmentum by way of the medial forebrain bundle 
(Guillery, 1959). The latter regions have been associated with reinforcement 
functions because they are potent self-stimulation sites (Olds and Olds, 1963). 
Guillery (1959) noted that these anatomical relationships permit the dorsomedial 
nucleus to monitor both the input and output of the hypothalamus. 

There is a substantial collection of clinical cases in which impairments of memory 
were produced by medial thalamic injury. Smythe and Stern (1938) described six 
cases of tumours of the thalamus. If the tumours originated in the lateral part of 
the thalamus, gross sensory disturbances were observed in the early stages of the 
illness. Tumours that originated medially were characterized by ‘mental deteriora- 
tion’ including memory loss and early conjugate and ocular palsies. Sensory 
disturbances were absent or appeared late. 

Stern (1939) presented a case of presenile dementia that appeared to be much 
like Korsakoff's psychosis including the memory defect and confabulation. This 
patient had bilateral thalamic degeneration. 

Spiegel, Wycis, Orchinik and Freed (1955) performed dorsomedial nuclear 
thalamotomies in 30 cases for the relief of emotional disturbances or intractable 
pain. X-rays of pantopaque droplets injected at the site of the lesion confirmed that 
the lesions involved principally the dorsomedial nucleus. The effect on the patients 
was similar to that of Korsakoff's psychosis including memory defects. 

Schulman (1957) reported a patient with memory deficits from thalamic damage 
in which the magnocellular medialis dorsalis appears to be spared. The patient had 
progressive dementia, including amnesia, disturbances of affect, ataxia and 
choreoathetosis. Much of the dorsal thalamus was degenerated in this patient 
including most of dorsomedial nucleus except the magnocellular medialis dorsalis 
which appeared as a rim of large cells medial to the otherwise destroyed nucleus. 
It may be that some other thalamic area is critical for the memory defect, or magno- 
cellular medialis dorsalis or its connections could have been more severely injured 
than the study indicated. 

Teuber, Milner and Vaughan (1968) studied a patient with a persistent antero- 
grade amnesia that resulted from a stab wound in the brain. In this patient a fencing 
foil entered the right nostril, punctured the base of the brain and took an oblique: 
upward course, slightly to the left. The course of the foil suggests the likelihood that 
the medial thalamus would have been injured. Paralysis of upward gaze and 
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diminished pupillary reactions suggest that the lesion extended to the pretectum. 
Like H. M., this patient has a persistent anterograde amnesia. The degree of 
retrograde amnesia is not clear. The deficit is much worse for verbal than for 
nonverbal material, which is consistent with the slightly leftward course of the 
foil. The amnestic syndrome in this case was not accompanied by any evidence of 
seizures, which tends to rule out the abnormal EEG of H. M. as a necessary con- 
dition for anterograde amnesia. This patient was recently re-examined by Squire 
and Slater (1976). They found that memory for events prior to the injury were 
normal, but there was a marked deficiency for memory of events since the injury 
which occurred in 1960. 

Recently, McEntee, Biber, Perl and Benson (1976) reported a severe amnestic 
case who was found to have bilateral metastatic tumours invading the medial and 
posterior thalamus. The mammillary bodies, mammillothalamic tract and anterior 
thalamic nuclei were spared while the dorsomedial nucleus was largely destroyed 
by the tumour as well as the centromedian nuclei, medial pulvinar, habenular 
nuclei and stria medullaris. 

Colloid cysts of the third ventricle are frequently found to produce memory 
defects resembling Korsakoff's psychosis. These cysts put pressure upon the walls 
of the third ventricle in the region of magnocellular medialis dorsalis and removal 
of thé cyst, which interestingly usually involves transection of the fornix, generally 
produces a remission of the symptoms (Cairns and Mosberg, 1951; Williams and 
Pennybacker, 1954). 

The memory defect produced by these cysts is not due to increased intracranial 
pressure because reduction of this pressure does not relieve the symptoms; how- 
ever, draining the cyst does. As the cyst refills, the memory symptoms recur and 
the symptoms are again relieved by draining. This process can be carried out 
repeatedly (Williams and Pennybacker, 1954). 


Medial thalamic lesions in animals. Early animal experiments on the dorsomedial 
nucleus concentrated on its relationship to the frontal lobe. Lesions in dorsomedial 
nucleus had little effect on the learning of visual discriminations, delayed response 
or delayed alternation tasks (Chow, 1954; Peters, Rosvold and Mirsky, 1956). 
However, the lesions in these experiments were quite small and not directed toward 
the magnocellular medialis dorsalis. In one experiment the lesion involved 11 to 
20 per cent of the entire dorsomedial nucleus; how much magnocellular medialis 
dorsalis was involved is not clear. In the other study, the lesions were also quite 
small, involving 0 to 70 per cent (mean 38 per cent) of dorsomedial nucleus and 
they were directed specifically toward the parvocellular part. The connection of 
magnocellularis from the thalamic peduncle would be uninjured by lesions in the 
lateral dorsomedial nucleus. 

Schulman (1964) found deficits in a delayed response and a conditional black- 
white discrimination in monkeys with large lesions of the dorsomedial nucleus 
produced by radiation. Thompson and Myers (1971) placed small lesions in the 


430 JAMES A. HOREL 


lateral dorsomedial nucleus and found no deficits on learned visual tasks. Only 
one of the three animals in their pretectal group (A342) however, showed a severe 
deficit on these tasks and it is apparent from the histology they present that most, 
. if not all, of the magnocellular medialis dorsalis was destroyed by the lesion. 

The magnocellular medialis dorsalis receives its temporal lobe connections via 
the temporal stem, through the ansa peduncularis and inferior thalamic peduncle. 
Skinner and Lindsley (1967) used a cryogenic probe to cool the inferior thalamic 
peduncle in cats. This disrupted performance on a single alternation bar press 
where the animal presses first the right bar, then the left, then the right, etc., to get 
a liquid food reward. In an apparent attempt to remember the lever last pressed, 
the experimental animals developed the strategy of leaving the paw on the bar 
while drinking the reward. When the animal did not use this mnemonic, its per- 
formance was even more severely impaired with cooling of the inferior thalamic 
peduncle. 

Warren and Akert (1960) found deficits in the learning and retention of visual 
tasks in cats with large lesions of the dorsomedial nucleus. Chow and Randall 
(1964) destroyed the midline nuclei in cats. No histology is presented, but such 
lesions should damage the magnocellular medialis dorsalis. The cats showed a loss 
of a pre-operatively-acquired visual discrimination and a deficit in re-acquiring 
the task. The cats also appeared to have lost their memory of how to perform 
the task. 

There are a number of experimenters who have found deficits on a wide variety 
of learning tasks in rats with medial thalamic lesions, although the exact structure 
involved has not been identified with certainty (see Vanderwolf, 1969; Thompson, 
1963; Olton and Isaacson, 1967; Delacour, 1971; Means et al., 1974). Means et al. 
(1974) summarized their results by saying that ‘Rats with DMT lesions are deficient 
on tasks that require them to form new associations or to utilize previously estab- 
lished associations.' (DMT — dorsomedial nucleus.) 

Thus, there is considerable evidence from both human and animal observations 
that medial thalamic lesions can produce deficits in learning and memory. Although 
this provides an alternative to the mammillary bodies as the source of amnesia 
in Korsakoff's psychosis, there have been some instances of amnesia that have 
been reported to occur with fornix lesions. We shall consider these observations 
next. 


Fornix Lesions and Amnesia 


The severe amnesia that has been attributed to damage to the hippocampus and 
mammillary bodies leads directly to the prediction that destroying the fornix which 
connects these two structures should also produce an amnesia. In confirmation of 
this prediction, there are some cases of amnesia in which the fornix was damaged. 
Although other structures besides the fornix were also damaged in these cases, the 
hippocampal memory hypothesis has led to the interpretation that these amnestic 
symptoms were due to the fornix lesion. However, the failure to find memory 
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deficits in many cases of fornix damage has been an awkward problem for this 
interpretation. The following is a discussion of these cases. 

Removal of third ventricle cysts often involve sectioning the fornix. Dott (1938) 
and Cairns and Mosberg (1951) report patients who had no memory defects after 
transection of the fornix. In some cases where mental symptoms were present 
pre-operatively removal of the cyst, which involved transection of the fornix, 
relieved the symptoms (Cairns and Mosberg, 1951; Williams and Pennybacker, 
1954). | 

Van Wagenen and Herren (1940) sectioned the corpus callosum in several 
patients in order to relieve epilepsy. In one of these patients the fornix was sectioned 
bilaterally in two places: at the columns and at the body; others received a unilateral 
fornicotomy. The authors demonstrated in their introductory remarks that they 
were alert to possible memory effects. Detailed studies were made of these patients 
by psychologists and psychiatrists in addition to neurological and laboratory tests. 
No memory defects were found in any of these patients. 

Garcia-Bengochia et al. (1954) severed the fornix bilaterally in fourteen patients 
in an attempt to treat their epilepsy. They report ‘So far, in none of the twelve 
surviving cases has there been any neurological or psychological sequela’. 

Woolsey and Nelson (1975) describe a patient who was found to have a tumour 
that destroyed the fornix bilaterally. Microscopic examination revealed an adeno- 
carcinoma which replaced the bodies of both fornices. Lesions in the mammillary 
bodies were similar to those seen in Korsakoff’s psychosis. The authors state that 
“Не had no apparent memory disturbance as judged by an extensive detailed history 
that corresponded to that taken eight months earlier’. In addition ‘The patient’s 
sister, an intelligent and observant woman with whom he lived, denied that he had 
shown any mental abnormality prior to final hospitalization. She described their 
discussion of recent events and stated that she frequently instructed the patient 
in chores to do while she was away, and these were accurately remembered and 
executed’. 

Nathan and Smith (1950) presented a patient who was thoroughly examined 
with psychological tests prior to his death from chondrosarcoma of the ilium at the 
age of 34 years. No behavioural or intellectual abnormalities were discovered; 
when he was in school he had been at the top of his class. On autopsy he was found 
to have an abnormal and small hippocampus bilaterally with no fornix or fimbria. 

Thus, normal memory functions can be present in the absence of an intact fornix. 
This forces us to seek alternative explanations for the cases of amnesia which have 
been reported to occur as a result of fornix lesions. Otherwise we will have to accept 
the untidy conclusion that destruction of the fornix produces a devastating amnesia 
in some cases and no detectable impairment in others. 

One of the cases that is used as evidence in support of the hippocampal memory 
hypothesis is a patient presented by Hassler and Riechert (1957) who received a 
bilateral fornicotomy for the treatment of epilepsy. The lesions were placed stereo- 
taxically in the columns at the level of the anterior commissure and were produced 
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by electrical coagulation. The first lesion was on the right side and produced no 
memory symptoms. Eleven months later the left fornix was coagulated and the 
day after this operation a severe impairment of memory appeared without evidence 
of other intellectual abnormality. A few days later diencephalic seizures appeared 
and she died eight days after the operation. At autopsy the bilateral fornicotomy 
was confirmed. In addition she had a tumour in the right medial frontal lobe and 
a softening of the left hypothalamus. 

These are slender grounds upon which to build a case for memory functions for 
the fornix. The fornix is adjacent to the inferior thalamic peduncle in this region 
and the coagulation could have damaged this structure. The inferior thalamic 
peduncle carries fibres from the temporal cortex to the magnocellular medialis 
dorsalis. They course through the ansa peduncularis and this structure goes through 
the area of the hypothalamic softening. The anterior commissure was damaged 
with the second lesion. Electrical stimulation of the anterior commissure in 
monkeys severely disrupts performance of delayed match to sample, a memory test 
for monkeys (Doty and Overman, 1977). The abnormal discharges which post- 
operatively produced psychomotor disturbances could also have disrupted memory 
function. 

Alternatives to the fornix can also be found for the patient reported by Sweet, 
Taliand and Ervin (1959). This patient had his fornix cut in the process of removing 
a cyst from the third ventricle. Contrary to the findings of others in such cases 
(Dott, 1939; Cairns and Mosberg, 1951) they reported that the lesion of the fornix 
produced an amnesia. The pre-operative status of the memory of this patient was 
not reported, and that is important because such cysts often produce a memory 
impairment. If an amnesia was present pre-operatively it could not be due to the 
transection of the fornix. Usually, removing the cyst, which involves cutting the 
fornix, produces a remission of the symptoms (Cairns and Mosberg, 1951; Williams 
and Pennybacker, 1954). The surgeon could have damaged the walls of the third 
ventricle including the magnocellular medialis dorsalis in the process of removing 
the cyst. 

Brion et al. (1969) describe a case in which the fornix was damaged bilaterally 
by an occlusion of the left anterior cerebral artery. The lesion was in the anterior 
pillars of the fornix at the anterior commissure. The left hemisphere was severely 
damaged and included large softenings in the course of the left recurrent artery 
of Heubner. There was heavy damage to the head of the caudate, the putamen and 
the anterior limb of the internal capsule and a sublenticular softening. There was 
severe degeneration of the anterior and medial thalamic nuclei probably resulting, 
in part, from the destruction of the internal capsule. There was also damage to the 
left cingulate gyrus and corpus callosum. The anterior commissure was completely 
destroyed. 

If this lesion were bilateral the patient would be severely demented. The lesion 
of the internal capsule would leave him without frontal lobe function and the 
medial thalamic degeneration should contribute amnestic disorders. The lesions of 
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the sublenticular and internal capsule effectively cut off the temporal connections 
to the medial thalamus on the side of the lesion. The temporal efferents to putamen 
and medial thalamus are lost on the left side. 

The memory functions of the left ‘speaking’ hemisphere in this patient are 
destroyed by its various lesions and it does not have access to the memory functions 
of the right hemisphere because of the commissural lesions. The anterior com- 
missure interconnects the anterior one-third of the temporal lobes (Zeki, 1973) 
and there is good evidence that it is significantly involved in interhemispheric 
communication of memories (Doty and Overman, 1977; Sullivan and Hamilton, 
1973). А 

There are instances of amnesia produced by unilateral lesions if they are іп the 
left hemisphere. Geschwind and Fusilo (1966) and Benson, Marsden and Meadows 
(1974) have presented evidence that occlusion of the left posterior cerebral artery 
by itself will produce an amnesia in some cases. Milner (1971, 1972) has shown that 
removal of the left temporal lobe will produce an impairment of verbal memory. 
Intellectual and memory defects with unilateral lesions in the territory of the 
anterior cerebral artery have been recorded previously (Critchley, 1930). Brion 
et al. (1969) point out that'their patient had a deficit in spatial orientation as well 
as in verbal memory. The deficit in spatial orientation could be due to the bilateral 
fornix lesion. As discussed earlier, lesions of the hippocampus, fornix and mam- 
millary bodies do produce deficits in spatial orientation. 

Heilman and Sypert (1977) presented a patient with amnesia who had a neoplasm 
in the subarachnoid space of the quadrigeminal cistern. During operation it was 
found that the tumour had damaged the fornix bilaterally. The amnesia remained 
after removal of the tumour. We cannot analyse this case because there is no 
anatomical verification. Heilman and Sypert argue that the reason their patient 
had an amnesia in contrast to other cases was the position of the lesion. They 
speculate that fibres in the fornix destined for the thalamus would have been cut 
in this case but spared in the cases where the lesion was made at the columns. 
Cutting the fornix at the corpus callosum however, does not produce amnesia 
(Akelaitis, 1943; Van Wagenen and Herren, 1940). Also, this explanation would 
eliminate all the other cases of amnesia discussed above who had fornix lesions; 
they all had their lesions at the anterior pillars. | 

Heilman and Sypert also suggest that amnesia may be missed in many instances 
because of the lack of formal tests for it. However, their patient and others with 
Korsakoff's disease or medial temporal lesion need no special tests to be dis- 
covered. They are apparent to the most inexperienced observers, and these were 
not inexperienced observers. 

Thus, there are clear instances of destruction of the fornix in the absence of 
detectable amnesia. Cases in which the fornix has been implicated in amnesia are 
subject to alternative interpretation. The strength of the conclusion that the fornix 
was responsible for the memory disorders of these patients was derived principally 
from the assumption that lesions of the hippocampus and mammillary bodies 


434 JAMES A. HOREL 


produce amnesia. Without that assumption there are numerous alternative 
explanations for the amnesia of these patients which are at least as credible. 

I propose that, whatever the functions of the hippocampus, fornix and mam- 
millary bodies, they are not the source of amnesia in brain injury. These symptoms 
are produced instead by a system closely associated with the temporal neocortex. 
This includes the temporal cortex and its white matter, the extensions of this white 
matter into the brain-stem and the structures to which it directly connects: basal 
ganglia, medial thalamus, and orbital frontal cortex. 


SUMMARY AND CONCLUSIONS 


The discovery that medial temporal lobe lesions produce amnesia in humans if 
the lesion extends sufficiently far posteriorly to include the hippocampus forms the 
keystone of the hippocampal memory hypothesis. Strong supporting evidence 
comes from the occurrence of mammillary body disease in Korsakoff's psychosis. 
Disease of the posterior cerebral artery confirmed the observations on the medial 
temporal lobectomies by showing that pathology in the ventromedial quadrant 
of the temporal lobe produces amnesia. The occasional piece of contradictory 
evidence was sufficiently ambiguous to be dismissed or re-interpreted. 

Although the contradictory evidence that emerged from animal research created 
severe difficulties, opinion had crystallized on the matter to the degree that the 
data were unable to force rejection of the hippocampal memory hypothesis. This 
necessarily led to the conclusion that the animal model is a poor one: either the 
human hippocampus is unique with respect to memory or the tests which are used 
in animals do not tap the same mnemonic processes that are impaired by the human 
lesions. Both these arguments are nearly impossible to refute. The brain of every 
species is different and there is no way in which monkeys and humans can be tested 
under identical conditions. 

There has never been much enthusiasm for the suggestion that the human hippo- 
campus is so different from other animals that this uniqueness could account for 
the apparent differences between the behavioural effects of human and animal 
hippocampal lesions. However, many experimenters have devised clever tests of 
the possibility that the problem is in the animal behavioural measures. Given 
sufficient circularity of reasoning, the project must necessarily eventually be 
successful. The argument is that if the usual tests of learning and memory that 
are used with animals are not disrupted by hippocampal lesions, then these are not 
tests of the kinds of learning and memory defects displayed by human amnestics. 
One has only to search for tasks that are disrupted by hippocampal lesions in 
animals, and these then must tap the same memory processes that are disrupted 
by tbe human lesions. 

The possibility has rarely been seriously considered that it might be damage to 
some structure in the ventromedial quadrant of the temporal lobe other than the 


NEUROANATOMY OF AMNESIA 435 


hippocampus that is responsible for the amnesia. The amygdala and entorhinal 
area have been ruled out by both the human and animal data. However, the 
temporal stem is a likely possibility. Its position makes it vulnerable to the surgical 
approach which was used in human medial temporal lobectomies, and its damage 
in animals produces deficits in learning and retention. When medial temporal 
lesions were made in monkeys in the same way that they were made in humans, 
inadvertent damage to the temporal stem occurred along with the intended 
. amygdaloid and hippocampal injury. Symptoms characteristic of damage to the 
temporal cortex resulted from these lesions and they were probably caused by the 
damage to the stem. We sectioned the stem without damaging the hippocampus 
and produced severe learning and retention deficits. 

The stem contains fibre tracts connecting the temporal cortex and amygdala 
to subcortical structures, but contains no hippocampal connections. Since the 
amygdala has been ruled out, this relates the amnesia from medial temporal lesions 
to the temporal cortex rather than the hippocampus, a suggestion originally made 
by Penfield as an outcome of his observations on stimulation of the temporal cortex. 
Confirmed instances of lesions of temporal cortex in humans are rare and difficult 
to interpret, but do not contradict this suggestion. Lesions of temporal cortex in 
monkeys produce severe cognitive disorders that are reasonably described as 
perceptual and associative deficits. There is considerable Aristotelean controversy 
over the words used to describe these deficits in monkeys, but operationally, they 
are problems in the acquisition and retention of learned tasks. 

The patient H. M. probably does have a hippocampal lesion along with his stem 
damage. Perhaps his spatial disorientation is related to this damage; difficulties in 
learning and memory deficits displayed by human amnestics are much more 
general and are more like the effects of lesions of temporal cortex than of hippo- 
campus. The major difference between medial temporal and temporal cortical 
lesions appears to be that large lesions of temporal cortex produce a more severe 
and even more general cognitive defect than medial temporal lobectomies. With 
the temporal stem injury created by the medial temporal lobectomies, there are 
many connections to the temporal cortex left intact that could account for the 
difference. 

Any or all ofthe temporal lobe connections that lie within the injured stem could 
be responsible for the observed memory deficits, but I chose to emphasize the 
connection to the medial magnocellular part of the medialis dorsalis nucleus 
because of the suggestion that pathology in this nucleus may be responsible for 
the amnesia of Korsakoff's psychosis. The high incidence of disease of the mam- 
millary bodies in these patients and the relationship of the mammillary bodies to 
the hippocampus has provided a major source of support for the hippocampal 
memory hypothesis. However, the amnesia does not always appear in Korsakoff's 
patients who have diseased mammillary bodies, and evidence has been presented 
which suggests that the amnesia is associated with medial thalamic injury. There 
are a number of instances of amnesia in humans with medial thalamic lesions 
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caused by diseases other than Korsakoff's psychosis and there is experimental 
evidence of learning and memory deficits produced in animals with such lesions. 
In contrast, there is no evidence in animals of learning or memory defects produced 
by lesions of the mammillary bodies. 

We should not bowever, neglect the other connections within the temporal stem. 
They are all concerned in some way with temporal lobe function and all of them, 
either alone or in combination, could be responsible for the amnestic effects of 
medial temporal lesions. Besides the connections to the thalamus, there are 
' massive connections to the basal ganglia and orbitofrontal cortex that should be 
explored. 

No attempt has been made here to explain why cutting this fibre tract should 
produce the amnestic syndrome. Presumably an important afferent or efferent 
pathway of the temporal cortex which is involved in storage or retrieval of informa- 
tion, or coding for storage, was damaged by the stem lesion. It is important to 
remember that complete temporal lobectomy does not abolish the ability to learn 
or remember but does severely disrupt such processes. Evidently the temporal lobe 
is a useful tool for such functions, but not a necessary one. 

It cannot be said that definitive and final proof has been presented implicating 
the temporal stem and cortex in human amnesia; its culpability or innocence must 
ultimately be decided at the pathologist's bench. This paper should provide a clear 
view of the observations that must be made to resolve the problem finallv. Also, 
we must be alert to the probability that there are amnesias other than those dis- 
cussed here, taking different forms and involving different, as yet unsuspected, 
brain areas. Furthermore, we should not be surprised to find memory functions 
for the hippocampus even though its destruction is probably not responsible for 
the symptoms of medial temporal amnesia. It is important to maintain a distinction 
between the putative functions of brain areas and the symptoms of their destruction. 
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INTRODUCTION 


SPIKE-AND-WAVE complex in association with myoclonus was first reported 
by Grinker, Serota and Stein (1938). Since then, polygraphic studies of the spon- 
taneously occurring myoclonus and of the electroencephalogram (EEG) in man 
have been performed by many investigators using an electroencephalograph or 
cathode ray oscillograph (Dawson, 1946; Haguenau, Christophe, Rémond and 
Pecker, 1950; Van Bogaert, Radermecker and Titeca, 1950; Gastaut and Rémond, 
1952; Bradshaw, 1954; Harriman and Millar, 1955; Lance and Adams, 1963; 
Halliday, 1967a, b; Kuroiwa, Ohta, Kato and Inoue, 1968; Hambert and Petersén, 
1970; Shibasaki, Logothetis and Torres, 1971; Shibasaki, Kato and Kuroiwa, 
1973). By the conventional polygraphic technique, however, it has often been 
difficult to evaluate the relationship between the myoclonic discharge and EEG 
paroxysms. The authors succeeded in recording the EEG correlates of myoclonus, 
which were not recognizable on the routine polygraphic recordings, by averaging 
the EEG time-locked to the following myoclonic discharge (Shibasaki and 
Kuroiwa, 1975). Recently Hallett, Chadwick, Adam and Marsden (1977) used the 
same technique in their patient with post-hypoxic myoclonus, but detected no 
myoclonus-related spike. 

Dawson (1947) found an extremely high amplitude somatosensory evoked 
potential in a patient with myoclonic epilepsy. This high amplitude SEP was 
demonstrated in patients with progressive myoclonic epilepsy, but not in 
those with essential myoclonus (Halliday and Halliday, 1970; Halliday, 1975). 
Some patients, whose myoclonus can be elicited by electrical stimulation of the 
peripheral nerve at the time of recording SEP, were of especial interest to various 
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investigators (Watson and Denny-Brown, 1955; Halliday, 1967р; Pagni, Maros- 
sero, Cabrini, Ettorre and Infuso, 1971; Sutton and Mayer, 1974; Sutton, 1975; 
Engel, Rapin and Giblin, 1977; Rosén, Fehling, Sedgwick and Elmqvist, 1977; 
Hallett, Chadwick, Adam and Marsden, 1977). In spite of these extensive studies, 
the physiological mechanism underlying this high amplitude SEP remains 
undetermined. І | 

This paper aims at reporting on the following two studies. First, in order to 
confirm our previous results, which were based on a rather small number of 
patients (Shibasaki and Kuroiwa, 1975), and to contribute to better classification 
of myoclonus, the technique of jerk-locked averaging was applied to a larger 
number of patients with various kinds of myoclonus. Secondly, some charac- 
teristics of the high amplitude SEP were studied to see whether it is just an 
exaggerated response of the sensory cortex to stimulation or not. Discussion will 
be focused on a possible relationship between the high amplitude SEP and the 
myoclonus-related cortical spike demonstrated by the jerk-locked averaging 
technique. 


SUBJECTS 


Subjects were 30 patients, 14 males and 16 females, who presented with various kinds of myoclonus. 
The age of the patients at the time of examination ranged from 14 to 60 years. They were classified into 
6 diagnostic groups; 14 patients with progressive myoclonic epilepsy, 3 suffering from ‘epilepsy with 
myoclonus', 4 with essential myoclonus, 2 with subacute spongiform encephalopathy (SSE), 2 with 
midbrain infarction and 5 with other conditions. Among the 14 patients with progressive myoclonic 
epilepsy, 6 showed clinical evidence of cerebellar ataxia compatible with 'dyssynergia cerebellaris 
myoclonica’ or Ramsay Hunt syndrome. Three patients suffering from ‘epilepsy with myoclonus’ had 
generalized convulsive seizures and intermittent non-progressive myoclonus. Essential myoclonus was 
defined as non-progressive myoclonus without any associated convulsive seizures, mental impairment 
or other neurological deficits. One of the 2 patients with subacute spongiform encephalopathy had an 
autopsy-proven Creutzfeldt-Jakob syndrome, although the EEG did not show periodic sharp dis- 
charges at least during wakefulness. The other showed classical periodic sharp discharges on the routine 
EEG. Two patients with unilateral midbrain infarction exhibited myoclonus of the contralateral upper 
extremity in addition to Benedikt's syndrome. Four of 5 patients classified as having other conditions 
were thought to have cerebral degenerative diseases of unclassified type and one had probable cerebro- 
vascular disease of undetermined nature. 


METHODS 


All electroencephalographic studies were performed in a dimly-lit, shielded room. The subject lay 
on a bed or sat in a chair, and the eyes were kept gently closed during the study. ` 

The routine EEG was recorded by placing pad electrodes on the scalp according to the 10-20 system. 
The frequency response of the whole electroencephalograph, including the pen-writer, was 3 dB down 
at 1-3 and 80 Hz. Both bipolar and referential derivations were used. In the referential derivation, the 
ipsilateral ear electrode served as a reference. 

For the polygraphic recording, the scalp electrodes were placed on the central (C3 and C4) and 
adjacent areas according to the 10-20 system. Both bipolar and referential derivations were used. For the 
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referential derivation, the linked ear electrode served as a reference. The EMG was recorded by a pair 
of surface disc electrodes placed 3 cm apart over a muscle of the upper extremity, which was showing 
frequent myoclonic contractions. When the spontaneous myoclonus was rare, the extremity was held 
in the position in which myoclonic jerks occurred most frequently. Both the EEG and EMG were 
amplified and written with a San-ei electroencephalograph 1A52 with a paper speed of 3 and 6 cm/s. 
The frequency response of the electroencephalograph including the pen-writer was 3 dB down at 1-3 
and 80 Hz both for the EEG and EMG. The frequency response of the amplifier was 10 per cent down 
at 1 and 2,000 Hz. 

For the jerk-locked averaging, the EMG onset, recorded with surface electrodes, was converted to 
a pulse by a Nihonkohden pulse converter. The EEG, EMG and the EMG pulse were recorded on 
a FM magnetic tape. Analysis of the data was carried out by averaging 50 to 200 samples of the EEG 
and an equal number of the EMG samples, time-locked to the EMG pulse, by a San-ei CNV Program 
AV-C. This is an averaging program consisting of two channels. In the first channel, the averager 
operated by memorizing input samples continuously in 200 address. On being triggered by an EMG 
pulse, coincident with the myoclonic jerk, it transferred the preceding 100 address from the first channel 
to the second channel. In the second channel, the data were averaged in addition to further 100 address 
following the pulse. Thus, the samples both preceding and following the EMG pulse could be averaged 
in the same experiment. Samples associated with any obvious artifact were omitted from averaging. 
Random averaging of each EEG tracing was obtained as a control. The results were written out on 
an X-Y recorder. The tests were repeated at least twice a day, and in most subjects on different days 

To obtain the SEP, the median nerve was electrically stimulated with a pair of surface electrodes 
placed 3 cm apart just proximal to the wrist. A square wave pulse of 0-5 ms duration was produced 
by a San-ei stimulator. The stimulus intensity was adjusted to 10 to 15 per cent above the threshold for 
contraction of the opponens pollicis muscle in each subject. The rate of stimulation was controlled 
manually to produce an approximately random interstimulus interval of between 1 and 3 seconds. 
Scalp electrodes were normally placed 7 cm lateral and 2 cm posterior to the vertex, but additional 
electrodes were also used to study the distribution of the SEP. Both bipolar and referential derivations 
were used. For the latter, the linked ear electrode served as a reference. The EEG was amplified with 
the San-ei electroencephalograph 1A52. The frequency response of its amplifier was 10 per cent down 
at 1 and 2,000 Hz. In some subjects, the surface EMG was recorded from the corresponding thenar 
muscle in order to detect a long-loop reflex. The EEG, EMG and the stimulus pulse were recorded on 
a FM magnetic tape. Seventy-four stimulations composed one session, and more than two sessions were 
given for each test. Analysis of the data was accomplished by averaging the responses to 64 stimuli, 
time-locked to the stimulus pulse, with a Sani Signal Processor 7SO6. Analysis time ranged from 80 to 
400 ms after the stimulus pulse. Samples associated with any artifact were omitted. The results were 
written out on an X-Y recorder. 


RESULTS 


(1) Paroxysmal EEG Abnormalities 


In the routine EEG records, diffuse, bilateral spike-and-wave complexes or 
bursts were recognized in the majority of patients with progressive myoclonic 
epilepsy and ‘epilepsy with myoclonus’ (Table 1). Among 13 patients with other 
diagnoses, on the other hand, only one showed spike-and-wave complexes. This 
patient had status epilepticus and myoclonic jerks probably on the basis of a 
cerebrovascular disease. A patient with progressive myoclonic epilepsy, who did 
not show spike-and-wave complexes, showed only rare occurrences of 6 Hz 
phantom spike-and-waves. 
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TABLE l. PAROXYSMAL EEG ABNORMALITIES IN PATIENTS WITH MYOCLONUS 


Spike-and- І 
z waye burst Others None Total 
Progressive myoclonic epilepsy 13 1 '0 14 
Epilepsy with myoclonus 3 0 0 3 
Essential myoclonus 0 1 3 4 
Subacute spongiform encephalopathy 0 2 0 2 
Midbrain infarction 0 0 2 2 
Others 1 0 4 5 
Total 17 4 9 30 


(2) Polygraphic Recordings 

Among 17 patients who showed spike-and-wave complexes or bursts on the 
routine EEG, only 5 patients showed myoclonic jerks occurring at times more or 
less synchronously with the spike-and-wave complexes on the conventional poly- 
graphic recordings. The temporal relationship between the cortical spike and the 
myoclonus in these 5 patients varied. Some myoclonic jerks were preceded by the 


cortical spike, but others were even followed by the spike. An example is shown 
in fig. 1. 
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Fia. 1. Polygraph of a 34-year-old male with progressive myoclonic epilepsy. EEGs were recorded in reference 
to the linked ear electrode. Frequent myoclonic discharges are seen in the right biceps muscle, but most of thém 
are independent of visible cortical spikes. 


(3) Jerk-locked Averaging | 


Results of the jerk-locked averaging are summarized in Table 2. In all patients 
with progressive myoclonic epilepsy, in which this technique was applicable, 
positive-negative, biphasic, sharp potentials, either followed or not followed by 
a negative slow wave, were demonstrated in close temporal relationship with the 
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FiG. 2. Jerk-locked averaging of the EEG and EMG ın the same patient as in fig 1. Sharp, positive-negative, 
biphasic potentials followed by a large slow wave are seen with larger amplitude over the left hemisphere, time- 
locked to the myoclonic discharge from the right biceps muscle. Upward deflection denotes negativity їп all 
figures in this paper. 


myoclonic EMG discharge (fig. 2). The second, negative-going phase of the 
biphasic potential is here called the spike potential. The amplitude of this spike, 
which was defined as a height from the preceding positive peak to the peak of the 
spike, ranged from 5 to 27 uV with the mean of 13 рҮ, and its duration, the time 
interval between the preceding positive peak and the following positive peak, was 
20 to 40 ms with a mean of 32 ms. In all these cases, the myoclonus-related spike 
or spike-and-wave was seen with larger amplitude over the hemisphere contra- 
lateral to the myoclonus. All of these myoclonus-related spikes preceded the onset 
of the myoclonic discharge. The time interval from the onset (the preceding positive 
peak) of the cortical spike to the myoclonic EMG of a contralateral upper extremity 
muscle ranged from 7 to 15 ms. None of the 3 patients with essential myoclonus 
showed cortical spikes in relation to the myoclonic jerks, and no patient of other 
categories showed myoclonus-related spikes. In the 2 patients with subacute 
spongiform encephalopathy, the technique of jerk-locked averaging demonstrated 
a sharp wave in close temporal relationship with the myoclonic jerk. One of these 
patients without periodic sharp discharges on the routine EEG showed a sharp 
wave of about 15 џУ and 100 ms duration on the contralateral central area with 
the present technique. In the other patient with subacute spongiform encephalo- 
pathy, who showed periodic sharp discharges in association with myoclonic jerks 
on the conventional polygraphic tracings, the averaged recording demonstrated 
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a focus of the periodic sharp discharge at the centro-parietal area contralateral 
to the myoclonus. The onset of these sharp waves preceded onset of the myoclonus 
by 50 to 280 ms. 


TABLE 2. MYOCLONUS-RELATED CORTICAL ACTIVITIES BY JERK-LOCKED 


AVERAGING 
_ Interval 
Cases Spike Sharp wave (EEG-EMG) 

Progressive myoclonic epilepsy 7 7 0 7-15 ms 
Essential myoclonus 3 0 0 
Subacute spongiform encephalopathy 2 0 2 50-280 ms 
Midbrain infarction 1 0 0 
Others 2 0 1 ` 100 ms 


(4) Somatosensory Evoked Potential (SEP) 

In 13 of 14 patients with progressive myoclonic epilepsy, the somatosensory 
evoked potential showed a uniform abnormality characterized by an extremely 
high amplitude, positive-negative, biphasic waves followed by a high amplitude, 
negative slow wave. The initial high amplitude negative wave corresponded to 
N33 component of the normal SEP (Shibasaki, Yamashita and Tsuji, 1977) as far 
as its latency was concerned, and therefore it is called here N33. The amplitude of 
the N33 ranged from 12 to 75 рУ (mean 41 uV), and its period from 20 to 47 ms 
(mean 36 ms). The mean amplitude of N33 component in normal subjects was 
2-4 У (Shibasaki, Yamashita and Tsuji, 1977). The N20 component of progressive 
myoclonic epilepsy patients appeared the same as that of the normal SEP both as 
to its latency and amplitude. The abnormal SEP in these patients usually lacked 
the component corresponding to the N62 of the normal SEP (fig. 3). The high 
amplitude SEP was not demonstrated in any of 14 patients belonging to other 
groups of myoclonus. 





ipsilateral 


Fic, 3. SEP in response to electrical stimulation of the median nerve just proximal to the wrist in a 17-year-old 
: male with progressive myoclonic epilepsy In contrast with the SEP of a normal control, drawn in a dotted line, 
the N33 component is extremely large, and the component corresponding to N62 is lacking. 
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(5) Long Loop Reflex 

A long loop reflex was recorded in 8 patients with progressive myoclonic 
epilepsy. In these patients, the stimuli to the median nerve provoked clinically 
visible myoclonic jerks of varying amplitude. In 4 of these patients, the long loop 
reflex was demonstrated not only in the thenar muscle of the stimulated side but 
also in that of the non-stimulated side (fig. 4). Since the latency of this reflex on 
the stimulated side in these 4 patients ranged from 35 to 42 ms with a mean of 
39 ms, itis called here C reflex (Sutton and Mayer, 1974); that of the non-stimulated 
side is called C’ reflex. As shown in Table 3, the time difference between C and C’ 
was almost identical with the latency difference from the earlier positive peak of 
the contralateral SEP (N33 onset) to that of the ipsilateral SEP (N33' onset) in 
3 of the 4 patients. 





L median n. 
stimulation 


FiG. 4. SEP and C reflex in a 57-year-old female with progressive myoclonic epilepsy. Time difference from the 
C reflex onset to that of the non-stimulated side (C^) was 11 ms (b) and latency difference from the early positive 
peak of the contralateral high amplitude SEP to that of the ipsilateral SEP was 12 ms (a) M indicates M wave 
which was evoked directly in the thenar muscle by electrical stimulation of the median nerve. PR indicates the 
hand sensory area of the parietal cortex. L — left. R — nght. 


TABLE 3. LATENCY RELATIONSHIP BETWEEN THE ONSET OF THE C REFLEX AND THE 
EARLY PosiTIVE PEAK PRECEDING THE N33 or SEP iN 4 PATIENTS WITH 
PROGRESSIVE MYOCLONIC EPILEPSY (MS) 


Case МЗ С N33 С — N33-N337 СС 


KS 22 35 34 46 12 11 
MK 7 40 42 49 15 9 
YO 22 38 30 47 8 9 
KO 28 42 37 51 9 9 


N33’ == N33 recorded from the cerebral hemisphere ipsilateral to the stimulus. C’ = C reflex recorded 
from the thenar muscle of the non-stimulated side. 
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(6) Relationship between the Myoclonus-related Spike and the High Amplitude SEP 


Of 7 patients with progressive myoclonic epilepsy, who were shown to have the 
myoclonus-related spike by the jerk-locked averaging technique, 6 patients showed 
a high amplitude SEP in response to electrical stimulation of the median nerve. 
The myoclonus-related spike and the high amplitude SEP in these patients were 
compared in terms of wave form, time relationship and topography. 

First, the wave form of the myoclonus-related spike demonstrated by the jerk- 
locked averaging technique closely resembled that of the N33 of the high amplitude 
SEP (fig. 5), especially when the former was preceded by a positive sharp potential 
and followed by a large negative slow wave. 





SEP [Averaged Polygraph] 


101% 





L median п Myoclonus 
stimulation ` 


Fic. 5 SEP and polygraph obtained by jerk-locked averaging in a 17-year-old male with progressive myoclonic 
epilepsy. The wave form of the N33 component of the high amplitude SEP and that of the myoclonus-related spike 
resemble each other quite well Moreover, the time interval from the early positive peak of the SEP to the C reflex 
was 14 ms (x) and that from the onset of the cortical spike to the myoclonic discharge was 12 ms (y). 


Comparison of the time interval from the onset of the cortical spike to the onset 
of the myoclonic jerk with that from the earlier positive peak preceding the N33 
of the high amplitude SEP to the onset of the C reflex is shown in Table 4. The 
interval from spike to myoclonus was almost identical to or Еу shorter than 
that from the N33 to C reflex in each case examined. 

Distribution of the myoclonus-related spike and that of the high amplitude 
SEP were compared in 3 subjects. The N33 component of the high amplitude SEP 
showed a phase reversal at the area corresponding to the contralateral precentral 
hand area, whereas the N20 component showed a phase reversal at the area . 
corresponding to the post-central hand area as in the normal SEP. The myoclonus- 
related spike also showed a phase reversal at the contralateral central or precentral 
area (fig. 6). 3 
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TABLE 4. COMPARISON BETWEEN THE TIME INTERVAL FROM THE ONSET OF THE 
MYOCLONUS-RELATED CORTICAL SPIKE TO THE ONSET OF THE MYOCLONIC JERK 
AND THAT FROM THE EARLY POSITIVE PEAK PRECEDING THE N33 OF THE 
HiGH AMPLITUDE SEP TO THE ONSET OF THE C REFLEX IN PATIENTS WITH 
PROGRESSIVE MYOCLONIC EPILEPSY 


Case Spike- Myoclonus (ms)  N33-C (ms) 

KS Dorsalinterosse 12 13 
Biceps 7 

KO Flex. carpi ulnar. 14 14 

KK Brachioradialis 15 16 
Ext. indicis 10 

HK Flex. carpi ulnar. 13 14 
Biceps 9-12 

KT Brachioradialis 9 - 9 

HY Biceps 8-12 — 

, KH Deltoid 7-14 — 

YN — 19 

YO — 17 

MK — 13 





Av. EMG(L-forearm) 


Myoclonus 


FiG. 6. Anteroposterior distribution of the N33 component of the high amplitude SEP and the myoclonus- 
related spike in a 19-year-old male with progressive myoclonic epilepsy. Both potentials are localized to the same 
area, corresponding to the precentral or central region. On the transverse derivations, both potentials showed 
a phase reversal at the contralateral central area. 
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DISCUSSION 


The usefulness of the technique of jerk-locked averaging in studying myoclonus, 
which was first reported by the authors in 1975 (Shibasaki and Kuroiwa, 1975), was 
confirmed on a larger number of cases in the present study. The technique enabled 
us to visualize a cortical spike preceding the myoclonus in patients with progressive 
myoclonic epilepsy, when the conventional polygraph did not show any spike- 
and-wave complex in association with myoclonus. This fact seems to be quite 
significant, because the same might hold true for other convulsive disorders as 
well. Although, in some patients with progressive myoclonic epilepsy, spike-and- 
wave complexes were seen in occasional temporal relationship with the myoclonus 
by the conventional polygraphic technique, the temporal relationship between the 
two phenomena was often difficult to evaluate, and was, above all, very variable. 
The present averaging technique made it easier to study these cases. Since, even by 
this technique, the myoclonus-related cortical spike was detected exclusively in 
cases with progressive myoclonic epilepsy, this finding is important diagnostically 
as well. 

The only difficulties met with in using this technique were in cases with infreguent 
myoclonus or those with very vigorous myoclonus. In either situation, it is quite 
difficult to obtain adequate averaging. Because of the infrequency of the myo- 
clonus, the averaging technique could not be applied to the patients with ‘epilepsy 
with myoclonus’, and to some patients with Ramsay Hunt syndrome in the 
present series. 

An extremely high amplitude SEP was found in the majority of patients with 
progressive myoclonic epilepsy, but in none of patients belonging to other groups 
in the present series. The result is in conformity with that of Halliday and Halliday 
(1970). Recognition of this abnormal SEP, therefore, seems to be quite important 
for the diagnosis and classification of myoclonus. Taking into account the result 
of the jerk-locked averaging, progressive myoclonic epilepsy seems to be charac- 
terized by two remarkable neurophysiological findings, an unusually large response 
to electrical stimulation of the peripheral nerve on one hand, and an association 
of the spontaneously occurring myoclonus with cortical spikes on the other. 

In this regard, we were greatly impressed by a close similarity of certain para- 
meters between the initial component ofthe high amplitude SEP and the myoclonus- 
related cortical spike detected by the present averaging technique. First of all, the 
wave form of the myoclonus-related spike was strikingly similar to that of the 
high amplitude SEP, especially when the former was followed by a high amplitude, 
negative slow wave. The amplitude of the N33 component of the high amplitude 
SEP was about three times greater than that of the myoclonus-related spike, but 
their durations were quite similar (36 ms for the SEP and 32 ms for the spike). It 
is particularly noteworthy that the time interval from the onset of the cortical spike 
to the onset of the corresponding myoclonic discharge was similar to, or slightly 

-shorter than, that from the earlier positive peak preceding the N33 of the high 
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amplitude SEP to the onset of the C reflex. Since C reflex was always recorded from 
/ a thenar muscle whereas myoclonic discharge was recorded from а more proximal 
muscle, these two time intervals are considered to be almost identical. As to the 
topographical distribution, both potentials were shown to occur predominantly 
over the contralateral hemisphere in all cases. Although a more precise study will 
be necessary in this regard, the present results, based on a small number of cases, 
indicated a close proximity of the scalp localization of these two potentials. They 
showed a phase reversal at the region corresponding to the precentral area contra- 
lateral to the stimulation or to the myoclonus. 

It is postulated, from these facts, that the N33 component of the high amplitude 
SEP and the myoclonus-related cortical spike seen in patients with progressive 
myoclonic epilepsy might have a common physiological basis. This theory is of 
particular interest from the viewpoint of 'reflex' myoclonus (Halliday, 1967b; 
Pagni, Marossero, Cabrini, Ettorre and Infuso, 1971; Sutton and Mayer, 1974), 
because the cortical spike time-locked to the spontaneously occurring myoclonus 
could be in fact elicited by some inapparent stimulus. 

In a study of a patient with 'focal reflex' myoclonus, Sutton and Mayer (1974) 
demonstrated an exaggerated response in the thenar muscle 48 to 54 ms (mean 51) 
following an electrical stimulus to the median nerve, and interpreted it as a cortical 
(C) reflex. In 3 out of 4 patients of the present series with progressive myoclonic 
epilepsy, the time difference between the C reflex of the stimulated side and that of 
the non-stimulated side was similar to the latency difference between the N33 of 
the contralateral SEP and that of the ipsilateral SEP. Taking into account the 
current theory that the early components of the SEP ipsilateral to the stimulus 
are conducted via the corpus callosum from the contralateral sensory cortex 
(Liberson, 1966; Eidelberg and Jenkins, 1966; Williamson, Goff and Allison, 
1970; Tamura, 1972), the present finding seems to be in favour of the hypothesis 
that the cerebral cortex is participating in the C reflex loop. 

The origin of myoclonus has long been a subject of controversy. Studies in this 
field centred on the time interval between the cortical spike and its associated 
myoclonic jerk. A shorter time interval than expected for the conduction of 
impulses from the motor cortex to the muscle was taken as one of the evidences 
to suggest the presence of a discharging focus in the deep cerebral structures 
(Dawson, 1946; Van Bogaert, Radermecker and Titeca, 1950; Bradshaw, 1954; 
Harriman and Millar, 1955; Lance and Adams, 1963; Kuroiwa, Ohta, Kato and 
Inoue, 1968; Shibasaki and Kuroiwa, 1975). The present study in 7 patients with 
progressive myoclonic epilepsy, who showed the myoclonus-related cortical spike 
by the jerk-locked averaging technique, demonstrated that the time interval was 
similar to that between the N33 component of the high amplitude SEP and the 
C reflex. It is postulated, therefore, that the myoclonus in these patients could be 
of cortical origin and conducted via the corticospinal tract. In this sense, myoclonus 
of this type corresponds to the 'pyramidal' type of Halliday's classification 
(Halliday, 1967a, b), or what Hallett, Chadwick, Adam and Marsden (1977) call 
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*cortical loop reflex' type. The conduction of impulses from the internal capsule 
to the biceps brachii and to the dorsal interossei muscles of the contralateral upper 
extremity in man is known to take 9 to 15 ms and 19 to 20 ms, respectively (Pagni, 
Ettorre, Infuso and Marossero, 1964). The time interval of 7 to 15 ms in the present 
series of patients with progressive myoclonic epilepsy seems to be compatible with 
the above conduction time, particularly when the shorter stature of the Japanese 
is taken into consideration. 


SUMMARY 


Electroencephalographic studies were carried out in 30 patients with various 
kinds of myoclonus. It was confirmed that the technique of jerk-locked averaging 
with a backward averaging program was useful for detecting cortical spikes in 
association with the spontaneously occurring myoclonus, which are not recognized 
on the conventional polygraph, and for evaluating the temporal and topographical 
relationship between the spike and the myoclonus. By this technique, cortical 
spikes were shown to precede the myoclonus of a contralateral upper extremity 
muscle by 7 to 15 ms in all patients with progressive myoclonic epilepsy, but in 
none of the patients with other types of myoclonus. 

The majority of patients with progressive myoclonic epilepsy showed a high 
amplitude somatosensory evoked potential (SEP) in response to electrical stimula- 
tion of the median nerve. The N33 component of this high amplitude SEP was 
found to be similar to the myoclonus-related cortical spike in their wave form, time 
relationship and topographical distribution, suggesting an involvement of similar 
physiological mechanisms in the genesis of both phenomena. Myoclonus in these 
patients is compatible with ‘pyramidal’ or ‘cortical loop reflex’ type. 


Postscript 

After this paper was submitted, the paper by Chadwick, D., Hallett, M., Harris, R., Jenner, P., 
Reynolds, E. H. and Marsden, C. D. (1977), Clinical, biochemical and physiological features dis- 
tinguishing myoclonus responsive to 5-hydroxytryptophan, tryptophan with a monoamine oxidase 
inhibitor, and clonazepam, Brain, 100, 455-487, cams to our attention, in which they reported similar 
EEG-EMG correlations on the polygraph in some patients with post-anoxic myoclonus, a type which 
we have not yet been able to study. 
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(From the Department of Neurology, Derbyshire Royal Infirmary, Derby DEI 2QY) 


INTRODUCTION 


AMONG the hereditary diseases of the nervous system, it is well recognized that 
certain conditions frequently occur together within particular families. Progressive 
myoclonic epilepsy is often associated with ataxia (Halliday, 1967), and myoclonic 
epilepsy sometimes occurs in cases of Friedreich's ataxia (Hunt, 1921). Many 
individuals and families have been reported with both Friedreich's ataxia and 
peroneal muscular atrophy (Charcot-Marie-Tooth disease) (Roth, 1948). Neither 
the association of myoclonic epilepsy with peroneal muscular atrophy, nor the 
occurrence of both conditions in a family in which there is also hereditary ataxia, 
appears to have been reported previously. We report here such a family (fig. 1), 
in which four members were affected. One had all three conditions and another 
had additional features of Friedreich's ataxia. 


Fig. 1 Family tree, showing affected members ( & Ш). 
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PATIENTS 
Case histories are summarized in Table 1. 


Patient 1.1 


This patient, born in 1932, was the third daughter of parents who were not known to be related. Her 
parents were not available for examination, but she stated that they had no neurological disorder, Her 
five siblings were similarly said to be unaffected. 

Early development was normal. At the age of 23 years she began to have myoclonic jerks on rising 
each morning. The myoclonus lasted for about one minute, and was not associated with loss of conscious- 
ness. In spite of treatment with phenobarbitone, and later pheneturide, she continued to have myoclonus 
in the mornings. Ten years later, the myoclonic jerks were accompanied by momentary loss of con- 
sciousness and myoclonus would recur later in the day if she missed a dose of anticonvulsant. During 
the last two years she has had treatment with clonazepam 1-5 mg daily, but the myoclonus has continued. 

When examined again at the age of 44 in 1976, she could not run or walk heel-to-toe, and there was 
ataxia in all four limbs, more marked on the right. She had mild dysarthria, but no nystagmus. Vibration 
sense was lost below the knees, but joint position sense was retained. There was no wasting or weakness; 
tendon reflexes were normal, and plantar responses were flexor. 

Her electro-encephalogram (EEG) showed a generalized excess of theta activity with frequent bursts 
of symmetrical slow activity (3-4 Hz), and multiple spikes. These paroxysms occurred spontaneously, 
but could also be precipitated by closing the eyes, and by photic stimulation (fig. 2). 

Electromyography and nerve conduction studies showed no abnormality. 


B "166 
Eyes open Eyes closed 


Fic 2. EEG of Patient I.1. 
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Patient 11.1 


This girl, born in 1951, was mentally backward, and attended a special school for educationally 
subnormal children. At the age of 11 years her IQ was recorded as 68, but physical examination was 
normal. When aged 13 she developed unsteadiness of gait, with frequent falls. One year later examination 
showed bilateral foot-drop, with slight wasting of the anterior tibial muscles bilaterally, and of the 
thenar eminence of the right hand. There was generalized areflexia, with pes cavus. There was no 
scoliosis, ataxia or sensory impairment, the plantar responses were flexor. At the age of 151 the muscle 
wasting was more marked, and vibration sense had been lost in the legs. 

She worked in a woollen mill after leaving school, but had to give up work after a few years because 
of progressive weakness and unsteadiness. In 1975, at the age of 24, she developed occasional myoclonic 
jerks, occurring in the early morning and late at night. She became depressed, and was admitted to 
hospital on several occasions after taking overdoses of drugs. 

When seen again in September 1976 she had marked dysarthria, with nystagmus on lateral gaze to 
both sides. There was marked ataxia with gross distal wasting (see fig. 3) and absent tendon reflexes in 
all limbs. The plantar responses were flexor. Vibration sense was absent in the legs, but joint position 
sense was intact. 





Fic. 3. Wasting in the legs of Patient 11.1. 


Her EEG in 1975 (fig. 4) showed frequent bursts of rhythmic 3 Hz slow waves bilaterally, with 
occasional isolated low voltage spikes. Later records showed variable amounts of high voltage slow 
activity, without spikes. During an episode of myoclonus a surface electrode on the arm did not show 
any correlation between the jerks and paroxysmal activity in the EEG. 

The nerves in her legs could not be stimulated electrically. In the arms motor and sensory nerve 
conduction velocities were normal or only slightly reduced, but there was marked reduction of amplitude 
of sensory action potentials. There were denervation changes in the electromyogram (Table 2). 
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C. $4456 
Fic. 4. EEG of Patient 11.1. 


Patient 11.2 


This boy, born in 1953, was noted to have nocturnal myoclonus in childhood. Early development was 
normal, and physical examination at the age of 13 years showed no abnormality. 

In 1970, at the age of 18, he developed myoclonic jerks in the early mornings. The jerks affected the 
arms predominantly, and the legs occasionally; there was no loss of consciousness. During the next 
few years he developed progressive unsteadiness of gait, with clumsiness of the arms, causing him to give 
up work at the age of 21. 

He was examined again in September 1976. Myoclonus was occasionally present, with asterixis and 
marked ataxia in all four limbs. There was moderate dysarthria, with nystagmus on lateral gaze to both 
sides. Vibration sense was absent in the legs, but joint position sense was intact. There was no wasting 
or weakness, all tendon reflexes were present, and the plantar responses were flexor. 

His EEG (fig. 5) showed a slow background (4 Hz), with bursts of high voltage delta activity and 
occasional bilateral spikes. The paroxysmal activity was produced by flicker at speeds between 6 and 
17 Hz and by eye closure. 

There was moderate delay in motor nerve conduction velocities in both legs. EMG showed a reduced 
interference pattern and myoclonic discharges in all muscles sampled in both arms and legs (see Table 2). 


Patient П.3 


This boy was born in 1954 and when 6 years old it was noticed that he was unsteady on his feet. 
He had frequent falls but the only abnormal physical signs were a slight degree of intention tremor and 
past-pointing and unsteadiness on rising from a chair. Within one year he required occasional help to 
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м 1.9.76 
Fic. 5. EEG of Patient 1.2 


feed himself, but was still able to run, although he often fell. Examination in 1960 showed bilateral pes 
cavus, marked ataxia of all limbs, and extensor plantar responses. Power, reflexes and all modalities 
of sensation were normal, 

Investigation:in 1962 showed widespread T-wave inversion in the ECG. The urine contained no 
excess of porphyrins, chromatography was normal, and no metachromatic granules were detected. The 
CSF was normal, and the WR was negative in both serum and CSF. 

His unsteadiness increased over the next few years, and he became dysarthric. In 1965, at the age 
of 11, he had nystagmus, the tendon reflexes had been lost, and the plantar responses were extensor. 
Vibration sense was absent in the legs, and the previously noted ataxia was more marked. 

During the next ten years he bad occasional grand mal convulsions, and developed frequent myoclonic 
jerks. He was increasingly disabled by the ataxia. 

Examination in March 1975 showed bilateral optic atrophy, with impaired conjugate deviation of the 
eyes to right more than left, and coarse nystagmus. There were diffuse myoclonic jerks, with generalized 
weakness and wasting, so that he could not lift his legs off the bed. His speech was almost unintelligible. 

' His EEG (fig. 6) had a slow background (4-6 Hz). There were frequent bilateral delta wave discharges, 
at times almost continuous, and isolated spikes occurred occasionally. Myoclonic jerks were associated 
with some of the spike discharges. Photic stimulation produced further delta wave discharges with 
occasional spikes. . 

Electromyography and nerve conduction studies were not performed. 

In June 1975, at the age of 21, he developed bronchopneumonia after a series of fits. He died at another 
hospital, and no post-mortem examination was performed. 
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Ею. 6. EEG of Patient 11.3 
TABLE | SUMMARY OF CLINICAL FEATURES OF AFFECTED MEMBERS 
Li ITI IL2 IL3 

Intellect Normal (44) Low (11) Normal (23) Normal (21) 
Myoclonus 4- Q3) + (25) + (18) + (15) 
Convulsions + (33) — (25) — (23) + (12) 
Optic atrophy — (44) — (25) — (23) + (20) 
Ataxia + (44) + (25) + (21) ++ (6) 
Weakness and 

wasting — (44) ++ (13) — (23) + (20) 
Reflexes Normal (44) Absent (14) Normal (23) Absent (11) 
Plantar responses — Flexor (44) Flexor (25) Flexor (23) Extensor (7) 
Joint sense ' Present (44) Present (25) Present (23) Present (16) 
Vibration sense Absent (44) Absent (14) Absent (23) Absent (11) 
Pes cavus — (44) + (13) — (23) + (6) 
Disability + (44) +++ (20) ++ (21) +++ (16) Died aged 21 yrs 


Figures in brackets indicate the earliest age at which the abnormality was detected, or the latest age 
of the normal finding. 


Siblings П.4 and П.5 


The two remaining siblings were born in 1956 and 1961. They were both of normal intelligence and 
had no history of fits or myoclonus. Physical examination, EEG, EMG and nerve conduction studies 
were normal in September 1976. 
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TABLE 2. NERVE CONDUCTION AND ELECTROMYOGRAPHIC STUDIES 


Conduction Terminal 


Patient Nerve velocity (m/s) latency (ms) EMG 
tl R. lat. pop. 40 57] N 1 
R. post. tib. 39 5-8 ormal interference pattern 
H1 Leg nerves could not be stimulated 
г Ё median (motor) ji "e Reduced interference pattern. 
median ›„ Single, high amplitude 
R. ulnar is 53 2-9 еы ünite 
Lunar  , 38 30 poyp 
L. ulnar (sensory) 56 28 
1.2 R. lat. pop. 31 6-4 
L. lat. pop. 40 6-5 Reduced interference pattern. 
R. median (motor) 53 Myoclonic discharges in 
(sensory antidromic) ‘ 47 28 all muscles at rest. 
, R.ulnar 55 3-0 
II.3 Studies not performed. 
П.4 А. lat. pop. 47 42 
R. post. tib. 49 42 | Normal interference pattern. 
IL5 R. lat. pop. 48 id Normal interference pattern. 
R. post. tib. 48 44 


METABOLIC INVESTIGATIONS 


Fasting blood glucose and 90 min post-prandial blood glucose concentrations were normal in all 
affected members. Fasting serum cholesterol and lipoprotein electrophoresis were normal in patients I.1 
and II.1. Urinary amino acid electrophoresis was normal in all affected members, and the cetyl tri-methyl 
ammonium test (CTAB) was negative in Patients I.1, П.1 and 01.2. Other members of the family were 
not studied. There was no excess of indican in the urine of Patients I.1 and 11.1. 


DISCUSSION 


The family described here shows myoclonic epilepsy with associated neurological 
disorders in a woman and three of her five children. There was no evidence of 
a lipidosis or other metabolic disorder. Patients I.1 and II.1 had moderate ataxia 
in addition to myoclonic epilepsy. Each also had loss of vibration sense in both 
legs, but no other evidence of neuropathy. Patient П.1 had a similar degree of 
ataxia, but with gross distal wasting and weakness in all four limbs. Her legs were 
more severely affected than the arms, and the nerves in her legs could not be 
stimulated electrically. In the arms there were electrical changes consistent with 
the neuronal form of peroneal muscular atrophy (Buchthal and Behse, 1977). 
Patient II.3 also developed myoclonic epilepsy in association with the clinical 
features of Friedreich's ataxia (progressive ataxia beginning in the legs, dysarthria, 
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weakness, areflexia, loss of vibration sense, extensor plantar responses and electro- 
cardiographic evidence of a cardiomyopathy) (Barbeau, 1976). 

In previously reported families with progressive myoclonic epilepsy, metabolic 
studies have shown an abnormally low serum mucoprotein level (Millar and Neill, 
1959; Tukel and Caliskan, 1954) although no such abnormality was found in the 
family described by Matthews, Howell and Stevens (1969), nor in any of our 
patients. High urinary levels of an acid mucopolysaccharide (Poulsen, 1975) and 
of indican (Koskiniemi, 1975) have also been observed in some families, but were 
not present in our patients. 

In the absence of pathological evidence, it is assumed that the affected members 
of this family show the variable clinical manifestations of a single genetic disorder, 
rather than the chance coincidence of unrelated conditions. Inheritance in this 
family appears to be autosomal dominant, the affected mother passing on the 
condition to three of her five children, regardless of their sex. Patient I.1 stated that 
as far as she knew, none of her ancestors was affected but no member of the 
previous generation was examined. There is therefore a possibility of a spontaneous 
mutation being responsible for the abnormality which first appeared in Patient I.1. 

Patient I.1 was not aware of any consanguinity in her ancestors. Consanguinity, 
however, is common in families with progressive myoclonic epilepsy (Matthews, 
Howell and Stevens, 1969) and in families showing the association of Freidreich's 
ataxia and peroneal muscular atrophy (Becker, 1966); the inheritance is then 
assumed to be autosomal recessive. However, dominant inheritance has been 
observed in both types of family (Becker, 1966; Diebold, 1972), but rapid pro- 
gression and early death is then unusual. 

If the members of this family are arranged in descending order of the severity 
of their disability (II.3, П.1, 11.2, 1.1), the corresponding ages of onset are 6, 13, 
18 and 23 years respectively. The severity of the disease in this family is, therefore, 
related inversely to the age of onset. There is theoretical justification for regarding 
the age of onset as a manifestation of the severity of an hereditary condition 
(Haldane, 1941), and Koskiniemi, Donner, Majuri, Haltia and Norio (1974) have 
found a similar relation between prognosis and age of onset in 93 Finnish cases of 
progressive myoclonic epilepsy. In the family described here the two unaffected 
members of the second generation are now aged only 15 and 20 years respectively; 
it is possible that they may develop a mild form of the familial disease in later life. 

In the family described here the eldest member of the second generation has 
peroneal muscular atrophy, while a younger member has Friedreich's ataxia. 
A similar relationship between birth order and manifestations was seen in the 
family described by Popow (1932), and in two generations of the family described 
by Spillane (1940). 


Ataxia in Progressive Myoclonic Epilepsy 
Progressive myoclonic epilepsy is usually familial, but there are occasional 
isolated cases. There are three pathological types: (1) those suffering from a 


FAMILIAL MYOCLONIC EPILEPSY 469 


lipidosis, particularly a gangliosidosis, (2) those with intracellular deposits of 
mucopolysaccharide in the brain and other organs (Lafora bodies), (3) a group 
of cases showing degenerative changes in the cerebellum and cerebellar pathways; 
this last group has no pathological evidence of lipidosis or Lafora bodies. 

Progressive ataxia with dementia and visual failure may occur in all three forms 
of the disease (Matthews, Howell and Stevens, 1969; Schwartz and Yanoff, 1965; 
Yamamoto, Adachi, Kawamura, Takahashi, Kitani, Ohtori, Shinji and Nishi- 
kawa, 1974), and there may be muscle wasting in the late stages. All affected 
members of the family described here had ataxia and dysarthria of variable 
severity, in addition to myoclonic epilepsy, and all except one (1.1) had nystagmus. 
The onset of the disease in Patient II.3 was at the age of 6 years; he developed the 
most severe ataxia, with additional features of Friedreich's ataxia, as described 
above, and he died at the age of 21. The association of myoclonic epilepsy with 
Friedreich's ataxia, as in this case, was first described by Hunt (1921), and later 
by Hodskins and Yakovlev (1930), Ziegler, Van Speybroech and Seitz (1974) and 
Skre (1975), and with a hereditary ataxia other than Friedreich's by Gilbert, 
McEntee and Glaser (1963) and Ekbom (1975). Noad and Lance (1960) described 
four children of a consanguineous marriage who had myoclonic epilepsy and 
ataxia; one of these cases had pes cavus, but there were no other signs of Fried- 
reich’s ataxia or peroneal muscular atrophy. Christophe and Gruner (1956) found 
pathological features of Friedreich’s ataxia in a patient who had myoclonic 
epilepsy and ataxia, but no other features of Friedreich’s ataxia during life. 
Friedreich’s ataxia, however, has only been reported in families with the degenera- 
tive form of myoclonic epilepsy and not with a lipidosis or Lafora’s disease. For 
these reasons Halliday (1967) stated that the presence of pes cavus, as in two 
members of the family described here (II.1 and II.3), indicates that the underlying 
pathology is of the degenerative type. 


Friedreich's Ataxia and Peroneal Muscular Atrophy 


The occurrence of Friedreich’s ataxia and peroneal muscular atrophy (Charcot- 
Marie-Tooth) in members of the same family has been recognized since the early 
years of the twentieth century and this literature was reviewed by Roth (1948), 
Greenfield (1954) and Becker (1966). These families may be divided into two 
categories according to the clinical features and mode of inheritance. 

The first category consists of families showing a relatively mild disorder, usually 
with autosomal dominant inheritance (Spillane, 1940; Hierons, 1956; Shepherd, 
. 1955; and Gilbert, 1963). In these families some members showed features of 
Friedreich’s ataxia, others had peroneal muscular atrophy, and others had an 
abortive form consisting only of pes cavus with absent tendon reflexes (Roussy 
and Lévy, 1926). 

In the second category of families, Friedreich’s ataxia and peroneal muscular 
atrophy occurred sporadically ; individual members showing severe manifestations 
of one or both disease with a high incidence of parental consanguinity (Pappworth 
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and O'Mahony, 1954; Becker, 1966; Tilbery, Altimari, Gagliardi-Fereira and 
Nieto, 1972). The inheritance in these families appears to have been autosomal 
recessive. German authors, regarding this form of the combination of Friedreich's 
ataxia and peroneal muscular atrophy as a separate entity, have called it ‘Mya- 
trophische Ataxia' (Conrad and Ott, 1955; Hopf and Port, 1968). 

Other disorders may be associated ; for example, Stephens, Hoover and Denst 
(1958) described a family with progressive supranuclear ophthalmoplegia in 
addition to ataxia and neuropathy in members of one generation, and an abortive 
form in two subsequent generations. 

Skre and Lóken (1970) described three patients with Friedreich's ataxia and 
peroneal muscular atrophy, from two families, both with a history of consanguinity. 
These patients also developed myoclonus with convulsions, but only in the 
terminal stages. They had electroencephalographic and pathological evidence of 
a spongiform encephalopathy. These patients differed from the family we report 
in that the myoclonus and convulsions occurred only as a terminal event. None of 
the other families reported previously with Friedreich's ataxia and peroneal 
muscular atrophy have also had progressive myoclonic epilepsy. 


Genetic and Clinical Synthesis 


Roth (1948) suggested the presence of a subsidiary modifying gene to explain 
the variable clinical manifestations in families showing the combination of 
Friedreich's ataxia and peroneal muscular atrophy. Support for this view has been 
found by Thomas, Calne and Stewart (1974) in families with peroneal muscular 
atrophy. In the family described here, the variability in age of onset and clinical 
manifestations may be explained by the action of one or more subsidiary modifying 
genes. The terms ‘peroneal muscular atrophy’ and ‘Friedreich’s ataxia’ may then 
be regarded as labels for particular combinations of clinical features, rather than 
as distinct genetic entities. 


SUMMARY 


A family is described in which a mother and three of her five children showed 
myoclonic epilepsy. The mother and one son were also ataxic; one other son had 
additional features of Friedreich’s ataxia, and a daughter had peroneal muscular 
atrophy as well as myoclonic epilepsy and ataxia. Although some of these disorders 
have been associated in previously reported families, the occurrence of all three 
disorders in members of one family seems to be unique. It is concluded that this 
family shows the manifestations of one, probably dominant, gene. The differences ` 
in age of onset and manifestations may be explained by the action of one or more 
subsidiary genes. 
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SENSORY ACTION POTENTIALS AND 
BIOPSY OF THE SURAL NERVE IN 
NEUROPATHY 


by F. BEHSE and F. BUCHTHAL 


(From the Institute of Neurophysiology, University of Copenhagen and the Laboratory of Clinical 
Neurophysiology of The Rigshospital, Copenhagen, Denmark) 


INTRODUCTION 


THE aim of this study was to investigate when slowing in conduction in peripheral 
neuropathy could be accounted for by axonal degeneration and when by demyelina- 
tion (for references see Gilliatt 1973). For this purpose we review the relation of 
histological and electrophysiological findings in the sural nerve in a previously 
reported series of patients with neuropathy (Buchthal and Behse, 1977; Behse and 
Buchthal, 1977a, b; Behse, Buchthal, Carlsen and Knappeis, 1972; Behse, Buchthal 
and Carlsen, 1977) and in 66 other patients including 9 patients with unusual types 
of neuropathy. Among our patients, we found a number in whom the slowing in 
conduction could be accounted for neither by loss of large fibres nor by demyelina- 
tion, and some other factor has to be assumed. Moreover, electrophysiological 
findings in the sural nerve were compared with those in the superficial peroneal and 
the median nerve to test whether findings in the sural nerve were representative. 


PATIENTS 


The material comprises 167 consecutive patients with polyneuropathy of different etiology in whom 
a biopsy of the sural nerve was obtained (Table 1). Sixty per cent of the patients were males and 40 per 
cent females. Half of the patients were 40-60 years old. Neurological findings of most patients are 
summarized in Table 2; those patients with the less usual types of neuropathy are described on pp. 483- 
489. A probable etiology was found in 85 per cent of the patients, often not until a follow-up examination 
was performed (49 patients). Of the 25 patients in whom the etiology remained unknown, 16 had 
discrete neurological signs (Table 2); 12 of these had palsy referable.to a single nerve (Buchthal and - 
Behse, 1978). 


METHODS 


The methods have been described (Buchthal and Rosenfalck 1966, 1971; Behse and Buchthal, 1971; 
Buchthal and Behse, 1977). In brief, sensory conduction and the amplitude of the sensory potentials 
were determined along the following segments of the nerves: the sural nerve, from malleolus lateralis 
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TABLE 1. 167 PATIENTS WITH POLYNEUROPATHY 


Acquired neuropathy No. of No. of 
of different etiology patients Hereditary neuropathy patients 
Diabetic 12 Peroneal muscular atrophy 
Post-infectious 14 ` neuronal type 19 
Alcoholic 38 hypertrophic type 10 
Post-gastrectomy 6 “neuronal ‘plus’ 9 
Paraneoplastic 4 Spino-cerebellar ataxia 3 
Collagen disease 3 Hered. liability to pressure 
Uremic 2 palsies 10 
Lead intoxication 9 
Hepatic I 
B,, Malabsorption 1 
Acute interm. porphyria 1 
Unknown 25 


` 


* Peroneal muscular atrophy of the neuronal type plus other forms of involvement of the central 
nervous system. 


TABLE 2. INCIDENCE OF MAIN NEUROLOGICAL FINDINGS IN PATIENTS WITH 
POLYNEUROPATHY OF DIFFERENT /ETIOLOGY 


Hered. 
liab.‘ 
4itiology’ Post- press. 
Alcoholic Diabetic unknown infectious PMA-N? PMA-H? pals. 
No. of patients 37 12 16 14 19 10 10 
Weakness (<4) Percentage of patients 
Lower extremities 51 33 0 71 95 90 20 
Upper extremities 27 25 13 57 16 70 10 
Isolated palsy 3 25 75 7 0 0 100 
Tendon jerks, 
Depression or loss 
Ankle 89 100 69 100 100 100 50 
Knee 65 75 50 93 53 100 40 
Arms 54 83 44 79 21 100 70 
Sensory impairment 
Paresthesia 71 83 44 79 0 0 20 
Pain 16 67 19 7 0 0 0 
Touch, pin-prick 86 83 19 71 89 78 40 
Vibration 74 75 19 83 78 89 10 


! Discrete signs and symptoms. ? Peroneal muscular atrophy, neuronal type. * Peroneal muscular 
atrophic, hypertrophic type. * Hereditary neuropathy with liability to pressure palsies. 
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to 12 to 15 cm proximal to it (‘midcalf’) or to fossa poplitea; the superficial peroneal nerve, from the 
superior retinaculum at the ankle to the capitulum fibulæ; the tibial nerve, from the first toe to the medial 
malleolus; the median nerve, from digit I and digit III to wrist. 

Motor conduction velocities and motor latencies were determined along the peroneal nerve, and the 
distal segment of the tibial and the median nerves. The surface temperature of the extremity was kept 
at 36 to 37° С, 

For the histological study 3 cm of the sural nerve were removed in toto, just proxima] to the lateral 
malleolus, and prepared as described for the measurement of the total number of myelinated fibres, their 
size distribution and the numbers of groups of 3 or more regenerating fibres (‘clusters’) (Behse et al., 
1972, 1974; Behse and Buchthal, 19775). 

From each of 95 nerves, 30 to 70 myelinated fibres more than 7 um in diameter were teased over 
a length of 5to 10 mm (Vizoso and Young, 1948). The incidence per number of teased fibres of the follow- 
ing abnormalities was determined (Behse and Buchthal 1977b): (a) segmental demyelination; (b) widen- 
ing of the nodal gap to more than 10 um and paranodal demyelination over a length of up to 300 um; 
(c) segmental remyelination, two or more short, often thinly myelinated segments between segments 
of normal length; (d) solitary intercalated segments, that is, remyelination secondary to paranodal 
demyelination; (е) regenerated fibres—all internodal segments were short (0:2 to 0-6 mm) and had a 
disproportionately thick diameter. 


RESULTS 


Are Electrophysiological Findings in the Sural Nerve Representative of Findings in 
other Nerves? 


(1) Maximum conduction velocity along the sural nerve was compared with that 
along the corresponding segment of the superficial peroneal nerve and with the 
sensory velocity along the distal segments of the median nerve (fig. 1). In three- 
quarters of the patients, the sensory conduction velocity was similar along the 
three nerves. In one-quarter slowing along the superficial peroneal nerve occurred 
more frequently than along the sural nerve and least frequently along the median 
nerve. 


(2) The amplitude of the sensory potential was equally often diminished (51 per 
cent) or normal (23 per cent) in the superficial peroneal nerve and in the same 
segment of the sural nerve. In 13 per cent of the patients the amplitude of the 
potential recorded from the superficial peroneal nerve was normal whereas that 
from the sural nerve was abnormal or vice versa. The percentage diminution was 
similar in both nerves. In 20 per cent of the patients the amplitude of the sensory 
potential in the distal segment of the median nerve was normal when it was 
abnormal in the intermediate segment of the sural nerve, whereas the reverse was 
the case in only 5 per cent of the patients. The sural nerve was more apt to be 
severely involved than the median nerve, the amplitude being less than 10 per cent 
of normal in half the sural and in one-third of the median nerves (fig. 7). 


Histological Findings 
(1) In most nerves from patients with alcoholic and diabetic neuropathy and 
in patients with the hypertrophic type of peroneal muscular atrophy, the number 
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Го. 1. Conduction velocity along superficial peroneal nerve (above, retinaculum to capitulum fibule) and 
median nerve (below, digit Ш to wrist) compared with conduction velocity along sural nerve. Velocities are given 
as percentage of normal average matched for age. Vertical and horizontal lines represent the lower 95 per cent 
confidence limits. Points in upper left quadrant refer to nerves of patients 1n whom conduction velocity was 
slowed along sural nerve and normal in superficial peroneal or median nerve. Points in lower right quadrant refer 
to patients in whom conduction velocity was normal along sural nerve and slowed along superficial peroneal or 
median nerve. 


of large fibres (> 7 um in diameter) was diminished to the same extent as the number 

: of small fibres (<7 um in diameter, fig. 2). When the number of large fibres was: 
diminished and that of small fibres was normal or slightly diminished (neuronal 

type of peroneal muscular atrophy, neuropathy associated with collagen disease, 

post-infectious. polyneuropathy and neuropathy of unknown etiology), signs of 
regeneration were prominent and could, at least in part, account for the lesser 

diminution in the number of the small fibres. 


(2) Abnormalities in the myelin sheath were determined in teased fibres, per 
number of internodal segments and per number of fibres. The proportion of 
abnormalities was the same by the two methods, and all data in this study refer 


SENSORY POTENTIALS AND BIOPSY IN NEUROPATHY 477 


x 
X м химии х 





NUMBER OF MYELINATED FIBRES 





Fig. 2. Number of small (diameter « 7 um) and of large (diameter > 7 um) fibres in the sural nerve of patients with 
polyneuropathy of different etiology compared with controls. x = discrete signs and symptoms, see Table 2. 


to the incidence of abnormalities per number of teased fibres. In the seven nerves 
from controls (14-54 years old) from which teased fibres were obtained, demyelina- 
tion was absent; paranodal and segmental remyelination and regenerated fibres 
occurred in at most 20 per cent of the teased fibres (fig. 3). 

Segmental demyelination was found in 27 per cent of the nerves of patients with 
neuropathy. It usually occurred in less than 10 per cent of teased fibres, except in 
the hypertrophic type of peroneal muscular atrophy (Behse and Buchthal, 1977a), 
in the neuropathy after gastrectomy (Behse and Buchthal, 1977b), and in one 
patient with neuropathy of unknown etiology. In these conditions segmental 
demyelination was present in 30 to 100 per cent of the fibres. Paranodal demyelina- 
tion occurred in a quarter of the nerves, the incidence rarely exceeding 15 per cent. 
Segmental remyelination was increased above the level in controls in 33 of the 
nerves, but only in five nerves did more than half of the fibres show this abnor- 
mality. The most frequent abnormality, seen in half the nerves, was paranodal 
remyelination, i.e., solitary intercalated segments present in less than 20 per cent 
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Fic. 3. Incidence of different myelin abnormalities and of regenerated fibres among teased fibres from 7 controls 
(C, X) and from 95 nerves of patients with acquired or heredodegenerative polyneuropathy ( 8), grouped according 
to the presence or absence of disproportionate slowing 1n conduction velocity (for definition see p. 480). 


of teased fibres. The incidence of regenerated fibres was increased in one-third 
of the nerves (fig. 3). 


Nerve Conduction as Related to Histological Findings 


' In normal sural nerve and in nerves with loss of the largest fibres but no myelin 
abnormalities, the conversion factor to calculate the maximum conduction velocity 
from the largest myelinated fibres was 4-3, SD 0-3. The conduction velocity was 
calculated from that class of fibres of the largest diameter that contained at least 
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Fic 4. Maximum conduction velocity determined from sensory potential of sural nerve as a function of 
velocity expected from diameter of largest myelinated fibres of the same nerve ш patients with polyneuropathy 
of different etiology. Full line represents equality between recorded and expected velocity. Loss of large fibres 
can explain slowing 1n conduction when recorded velocity is within 20 per cent of that expected from fibre diameter 
(dashed line, lower limit of normal range). When deviation between recorded and expected velocity exceeds 
20 per cent, slowing m conduction has causes other than fibre loss (a) peroneal muscular atrophy of neuronal 
type; 6 — nerves from patients who 1n addition have other forms of involvement of the c.n s or spinocerebellar 
ataxia; (b) peroneal muscular atrophy of hypertrophic type; (c) nerves from patients with discrete signs of 
neuropathy of unknown etiology (see Table 2). 
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ten fibres since activation of at least ten fibres of the same diameter was required 
to obtain a response that could be distinguished from noise when 500 to 2000 
responses were averaged (Buchthal, Rosenfalck and Behse, 1975). When the 
diminution in conduction velocity was within 20 per cent of that to be expected 
from the diameter of the largest fibres (the scatter in controls), it could be accounted 
for by loss or block of large fibres. This mechanism explained the slowing in 
conduction in most patients with alcoholic neuropathy (Behse and Buchthal, 
1977b), in the neuronal type of peroneal muscular atrophy (Buchthal and Behse, 
1977), in lead intoxication and in nerves from patients with discrete signs of 
peripheral neuropathy of unknown ztiology—‘minor neurological dysfunction’ 
(fig. 4). In patients with the hypertrophic type of peroneal muscular atrophy 
(Buchthal and Behse, 1977), in post-gastrectomy neuropathy (Behse and Buchthal 
1977b), and in some of the patients with diabetic (Behse et al., 1977) and post- 
infectious neuropathy and with neuropathy of unknown etiology, slowing in 
conduction exceeded that to be expected from the diameter of the largest fibres by. 
more than 20 per cent, ‘disproportionate slowing’ (fig. 4). 


When and to what Extent Was Slowing in Conduction Velocity Associated with 
a high Incidence of Segmental or Paranodal Demyelination? 


Slowing in conduction (< 45 m/s) was present in 43 nerves (fig. 5) from which 
teased fibres were obtained. In eighteen nerves slowing was moderate (35 to 
44 m/s) and as to be expected from the loss of the largest fibres; with one exception, 
the incidence of demyelination was negligible and comprised less than 3 per cent 
of teased fibres. In sixteen nerves with conduction velocities of 26 to 44 m/s, neither 
axonal loss nor demyelination could account for the slowing; conduction velocity 
was 22 to 44 per cent slower than to be expected from the largest fibres in the biopsy, 
and demyelination, present in eleven nerves, occurred in at most 16 per cent of 
the teased fibres. In nine nerves the incidence of demyelination comprised 30 to 
100 per cent of the teased fibres and the conduction velocity was 12 to 30 m/s; 
axonal loss could not account for the marked slowing. When the rate of conduction 
along all nerves examined in the individual patient was considered (fig. 6), dis- 
proportionate slowing along sural nerves with little or no demyelination: was 
associated with less slowing also in other nerves than when there was demyelina- 
tion. Disproportionate slowing along all nerves was then similar to or slightly 
more marked than proportionate slowing. Three of the patients with dispro- 
portionate slowing and little or no demyelination had diabetic neuropathy; in 
5 the etiology of the neuropathy was unknown and the remaining 8 patients had 
neuropathy of widely differing etiologies (fig. 6). 
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Га. 5. Conduction velocity as a function of the incidence of segmental and paranodal demyelination in teased 
fibres of 43 sural nerves with slowed conduction. @ — 18 nerves in which slowing 1n conduction was as to be 
expected from the diameter of the largest fibres. A = 9 nerves with a high incidence of demyelination and 'dis- 
proportionate slowing’ (p. 480). O = 16 nerves with ‘disproportionate slowing’ and low incidence of fibres with 
demyelination. 


The Amplitude of the Sensory Potential as Related to Histological Findings 


The main components of the sensory potential derive from large fibres (> 7 um 
in diameter); and the peak-to-peak amplitude is determined by fibres of more than 
9 um in diameter (Buchthal et al., 1975). When nerves were excluded which showed 
*disproportionate slowing', the peak-to-peak amplitude of the sensory potential 
increased linearly with the number of fibres more than 9 um in diameter ( P < 0-001, 
fig. 7). The number of large myelinated fibres and the amplitude of sensory 
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Fic. 6. Ætiology of neuropathy and sensory and motor conduction along nerves examined from 43 patients 
with slowed conduction along the sural nerve (fig 5). Conduction velocity is given as percentage of the normal 
average matched for age; the motor latencies are given as reciprocal latencies. Each vertical line connects findings 
in different nerves in the individual patient; dashed line represents lower 95 per cent confidence limit of normal 
А = peroneal muscular atrophy, neuronal type. B = spinocerebellar ataxia (Friedreich) С = alcohohc neuro- 
pathy. D — post-infectious neuropathy. E — diabetic neuropathy. F — post-gastrectomy neuropathy G — para- 
neoplastic neuropathy H = neuropathy of unknown etiology. J = Peroneal muscular atrophy, hypertrophic type. 

Sensory nerves: sural (X), superficial peroneal (О), distal tibial (©), saphenus (A), distal median, (0, digits I 
and IIT). Motor nerves, velocity: deep peroneal (6). Motor latencies m tibialis anterior and m. peroneus longus 
(V), m. extensor digitorum brevis (A), m. flexor hallucis brevis (Ф), m. abductor pollicis brevis (Ш). 
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potentials was equally diminished, whether slowing was due solely to loss of the 
large fibres, or in addition to other causes—‘disproportionate slowing’ (fig. 8). 
In half the patients with polyneuropathy, the sensory potential of the sural nerve 
was split up into more components than in controls. The increased split-up was 
particularly frequent when potentials had an amplitude less than 5 per cent of 
normal. From the shape of the potential it could not be deduced whether slowing 
was due to loss of fibres, to regeneration or to displacement of normally fast 
components to slower velocities (Buchthal and Rosenfalck, 1971). 
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Fic. 7. Amplitude of sensory potential in sural nerve, given as percentage of the normal average matched for 
age, as a function of number of myelinated fibres more than 9 um in diameter in patients with acquired and heredo- 
degenerative polyneuropathy (8) and in controls (X). Full line is regression line (Р < 0:001); dashed lines indicate 
95 per cent confidence limits. Nerves along which condüction was slowed by 20 per cent or more than to be 
expected from the diameter of the largest fibres are not included. 


Less Usual Types of Neuropathy 


Based on the relation of nerve biopsy and conduction velocity described above 
in some common types of human polyneuropathy, we have applied these concepts 
to findings in 9 patients with less usual types of neuropathy. Though there is an 
extensive literature on each of them (see Bradley 1974, Asbury 1975, Conn and 
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Ет. 8. Amplitude of sensory potential of sural and median nerves аз percentage of mean amplitude in controls 
matched for age. Left, sensory amplitudes from nerves of patients with normal conduction velocity along sural 
nerve. Middle, nerves with slowing in conduction as expected from diameter of largest fibres in sural nerve. Right, 
sensory amplitude in nerves with ‘disproportionate slowing’ along sural nerve (p. 480) Dashed lines indicate 
95 per cent confidence limits for normal amplitudes of sural and median nerves. 
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Dyck 1975, McLeod 1975, Ridley 1975) data in which quantitative nerve biopsy 
findings were related to studies of conduction along the same nerve have not been 
reported. 

The polyneuropathy was associated with malignant neoplasm in 4 patients; 
with rheumatoid arthritis in 2.patients; with polyarteritis nodosa in 1 patient; with 
acute intermittent porphyria in 1 patient and with chronic liver disease in 1 patient. 


Neuropathy Associated with Malignant Neoplasm 


(1) Sensorimotor neuropathy 


The patient was a 48-year-old female who was operated on for cancer of the uterus six months after 
the onset of neuropathy. She had marked weakness in the distal and proximal muscles of the arms and 
legs; the only sensory impairment was parzsthesia and absent perception of vibration in the feet. Ankle 
jerks were absent, knee jerks normal, and tendon jerks in the arms were weak. Standard laboratory tests 
were normal. 


Sensory conduction was slowed to 60 per cent of normal in the sural and median 
nerves, and the amplitude of the sensory potentials was diminished to 4 (sural) and 
20 per cent (median nerve) of normal. The slowing in sensory conduction could 
be explained neither by axonal degeneration nor by demyelination (Table 3). The 
incidence of fibres with paranodal and segmental remyelination was twice that 
in controls. 


TABLE 3. HISTOLOGICAL FINDINGS IN SURAL NERVES OF PATIENTS WITH LESS 
USUAL TYPES OF NEUROPATHY 





Percentage of teased fibres with 
No. myelin fibres ` solit Percentage 
Polyneuropathy Endoneur. —_—~—————— Мо. оў paranod. segment. intercal. segment. of teased 
associated with area (mm?) all >7ыт clusters demyel demyel. segm. — remyel. regen. fibres 
Malignant 
neoplasm 
Patient No. 1 0-89 4,050 911 45 140 0 12-0 22-0 0 
2 1-43 7,500 2,640 78 — — — == — 
Ja 1-59 9,730 3,500 52 0 0 36 1:8 31 
3b 1413 6,400 1,860 64 0 0 13-6 168 0 
Collagen disease 
1* 04 2,400* 108* 25* — — 
2 0-49 320 2 0 — — — — 
3 111 3,500 2 71 
Acut. intermitt. 
porphyria 1-42 7160 1,547 132 0 0 10 12 8 
Liver cirrhosis 121 3,850 1,213 48 3-6 5-4 1-8 3-6 28:6 
Controls n — 10 0 65 5,200 1,650— 0-38 0 `0 0-6-4 5-20 0-13 
(teased fibres, 126 9,500 3,300 
n=7) 


* Branch of sural nerve, data given рег mm?. ** Polyarteritis nodosa. 
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(2) Sensory neuropathy ' 


The patient was a 54 year-old female in whom an ovarian cancer was removed six months before signs 
and symptoms of neuropathy were noticed. There was no weakness or wasting, but on electromyography 
there were fibrillations and signs of loss of motor units in the anterior tibial and abductor pollicis brevis 
muscles. The patient complained of paresthesia in the feet, where cutaneous sensation and the per- 
ception of vibration were diminished. Tendon jerks were absent or weak in the lower extremities. 


Sensory and motor conduction velocity along nerves of the upper and lower 
limbs and the amplitude of the sensory potentials were borderline. The only 
histological abnormality in cross-sections was an increased number of clusters of 
regenerating fibres (Table 3); teased fibres were not obtained. 


(3) Motor neuropathy 


(a) The 48-year-old patient had a cancer of the portio uteri diagnosed three years after the onset of 
neuropathy. She had marked and rapidly progressive weakness in the distal and proximal muscles of 
the legs, later extending to the arms. Cutaneous sensation and perception of vibration were normal, as 
were standard laboratory tests. The patient died six years after the onset of neuropathy. 


Electromyography was compatible with involvement of the lower motor neurone 
but not with motor neurone disease. Sensory and motor conduction were normal. 
The histological abnormalities in the nerve were a slight increase in endoneurial 
area and signs of regeneration of myelinated fibres (Table 3). 


(b) In a 48 year-old man an adenocarcinoma of the rectum was removed one year after the onset of 
neuropathy. Distal muscles of the lower extremities were weak, more so on the left. Tendon jerks were 
absent or weak. 


Though cutaneous sensibility and the perception of vibration were normal, 
sensory conduction along the sural nerve was slightly slowed, and the sensory 
potential was split up. The maximum conduction velocity was as to be expected 
from tbe diameter of the largest myelinated fibres. There was a slight decrease in 
the number of myelinated fibres of more than 9 um in diameter; the.only abnor- 
mality in teased fibres was an increased incidence of fibres with intercalated 
segments (Table 3). 

These examples illustrate that there was no uniform type of involvement of 
peripheral] nerves in the patients with paraneoplastic neuropathy that we have 
` examined. 


Neuropathy Associated with Collagen Disease 


Two women, 67 and 55 years old, with sero-positive rheumatoid arthritis had neuropathy which had 
lasted for two months (Patient 1) and ten years (Patient 2). Patient 1 had marked weakness of distal 
and proximal muscles of the arms and legs, and both patients had paresthesia and impairment of 
cutaneous and vibratory sensibility. Patient 3, a 48-year-old man, had signs and symptoms of poly- 
arteritis nodosa with febrile episodes, eosinophilia, involvement of the respiratory and gastrointestinal 
tracts, and of the central nervous system Renal angiography showed many microaneurysms peripherally 
in the small arteries. Biopsy of the medial vastus muscle showed necrotizing arteritis and collections of 
leucocytes (lymphocytes and eosinophils) about the vessels; the muscle tissue was normal. For the past 
two years he had also signs of neuropathy with severe sensorimotor impairment and absent tendon jerks. 
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Nerve conduction and histological findings were similar in the 3 patients: 
sensory conduction velocity along the sural nerve was diminished as would be 
expected from the diameter of the largest fibres (37, 20, 34 m/s); the amplitude of 
the sensory potentials was | to 4 per cent of normal. Large myelinated fibres were 
so nearly absent that teased fibres could not be obtained (Table 3). Electron 
microscopy, obtained in Patient 3, showed degeneration of unmyelinated fibres 
and proliferation of Schwann cells (Behse et al., 1974). 


Neuropathy Associated with Acute Intermittent Porphyria 

The patient was a 49 year-old woman; several siblings of her mother had the disease. The first attack 
was characterized by abdominal pain, sudden onset of weakness of muscles in the upper and lower 
extremities, absent tendon jerks and dark-coloured urine. 

Electromyography showed signs of chronic denervation and reinnervation, and the paresis recovered 
within two weeks. The next attack was twenty years later; she had weakness of the left forearm that 
recovered incompletely. An electrophysiological study and a nerve biopsy were performed six months 
after the last attack. There was weakness of distal muscles in the legs and arms but no sensory impair- 
ment; tendon jerks were diminished. 


Sensory conduction velocity was borderline and as to be expected from the largest 
fibres found in the biopsy. The amplitude of the sensory potentials in the sural and 
the superficial peroneal nerve was 20 per cent of normal (fig. 9, left, inset, above). 

The number of large myelinated fibres was slightly diminished, (fig. 9, left, above 
and below) and there were many clusters of regenerating fibres (Table 3). Teased 
fibres showed a slight increase in the incidence of paranodal remyelination. Eight 
months after the last attack weakness of the muscles of the forearm had improved 
and the amplitude of the sensory potential of the sural nerve (the nerve contralateral 
to the one from which a biopsy was obtained) was more than twice that found two 
months earlier. This increase exceeds the difference seen between the right and the 
left sural nerve and indicates that some myelinated fibres were activated that had 
been blocked two months earlier. 


Neuropathy Associated with Cirrhosis of the Liver 


The patient was a 69 year-old woman admitted to Medical Department A of the University Hospital 
(Professor N. Tygstrup). She had an infectious hepatitis when she was 39 years old and there was no 
history of alcoholism. Two years before admission she complained of itching and increasing fatigue. 
Blood studies showed anemia, a moderate increase in the activity of aminotransferases and of alkaline 
phosphatase. Liver biopsy, performed six months later, showed evidence of mild portal fibrosis and 
inflammatory changes. A second liver biopsy, obtained eighteen months later, showed changes com- 
patible with primary biliary cirrhosis, confirmed by the presence of mitochondrial antibodies, increased 
plasma gamma-M globulin and a 4- to 5-fold increase in the activity of alkaline phosphatase in the 
serum. There was little evidence of active liver impairment (normal alanine aminotransferase and serum 
bilirubin) and liver function was intact (normal serum albumin, prothrombin, galactose elimination 
capacity and clearance of antipyrin). There was no history of ascites or bleeding from csophageal 
varices. For the past two years the patient had slight motor weakness, impaired co-ordination, diminished 
cutaneous sensibility and absent perception of vibration; tendon jerks were absent. 


The amplitude of the sensory potentials in the superficial peroneal, the sural and 
the median nerves was less than 10 per cent of normal (fig. 9, right, inset, sural 
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FiG. 9. Sensory conduction and histological findings in myelinated fibres from patient with neuropathy associated 
with acute intermittent porphyria (left) and with liver cirrhosis (right). Above, histograms of fibre diameter (dashed 
line = from normal nerve). Insets: Sensory potential of sural nerve. Middle, internodal length as function of 
diameter, plotted in 30 of 50 teased fibres for each nerve; incidence of abnormalities is given in Table 3. Oblique 
line indicates 95 per cent lower confidence limit of internodal length in normal nerve. Dashed lines indicate short 
remyelinated segments between segments of normal length. Below, a representative sample of cross-section of 
each nerve; method described in Behse and Buchthal (19775) 
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nerve at midcalf). The conduction velocity along the sural nerve was borderline 
and as to be expected from the diameter of the largest fibres (fig. 9, right, above); 
9 per cent of the teased fibres showed paranodal and segmental demyelination 
(Tàble 3). The number of large and small myelinated fibres was diminished by 
40 per cent (fig. 9, right, above and below. Table 3) and that of unmyelinated fibres 
by 75 per cent (6,800 fibres). The incidence of unmyelinated fibres undergoing 
degeneration was twice that in controls (Dyck and Hopkins, 1972, Behse et а/., 
1975). 


DISCUSSION 


About one-third of the 167 patients with polyneuropathy were seen repeatedly 
over the years. This explains why a probable etiology was found in 142 of them. 
The incidence of polyneuropathy of unknown etiology would be about doubled 
at the time of the first study. The material contains most of the varieties of neuro- 
` pathy encountered in an industrialized country and in a temperate climate except 
that idiopathic polyradiculoneuropathy is under-represented, since such patients 
were usually segregated in the hospital for infectious diseases. 

: In the description of nerve conduction studies, the main emphasis has been on 
findings in the sural nerve since they could be compared with histological findings. 
Under ideal conditions of recording, the amplitude of the sensory potentials is 
proportional to the number of large fibres activated. The validity of this assump- 
tion was demonstrated in a simple experiment: the amplitude of the sensory 
potential recorded at wrist and evoked by the simultaneous stimulation of two 
digits was equal to the algebraic sum of the sensory potentials evoked by separate 
stimuli to digit П and digit III (Buchthal and Rosenfalck, 1966). In polyneuropathy 
the amplitude of the sensory potentials was in the main related to the number of 
large myelinated nerve fibres (P < 0-001) though the scatter was considerable, due 
to (i) differences in the distance between the near-nerve electrode and the nerve 
trunk ; (ii) fibres included in the count that failed to conduct; (iii) the individual 
variation in the number of fibres of 9 um or more, varying in 10 nerves from controls 
from 1100 to 2300; (iv) the amount of fat in the tissue surrounding the nerve: 
in 35 per cent of 54 normal children aged 4 years or less, the amplitude of the 
sensory potential exceeded the upper 95 per cent confidence limit of the amplitude 
in nerves from adults (unpublished). Summation of the components of the split-up 
potential did not diminish the scatter of amplitude as a function of fibre number. 
Notwithstanding the scatter, the amplitude of the sensory potentials was a gauge 
of the loss of large myelinated fibres: three-quarters of the nerves with a diminished 
number of large fibres had a sensory potential of diminished amplitude, whereas 
90 per cent of the nerves with a normal number of large fibres had sensory potentials 
of normal amplitude. . 

The amplitude of the sensory potential was a more sensitive indicator of abnor- 
mality than was conduction velocity. Of 111 sural nerves with mainly axonal 
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degeneration, 62 per cent had a diminished amplitude of the sensory potential and 
42 per cent had slowing in conduction. In fact, the maximum conduction velocity 
remained within the range of normal when 10 to 20 of the large fibres conducted 
at a normal rate. 

That 23 of 33 patients, in whom conduction and sensory amplitude were normal 
in the sural nerve, showed mild histological abnormalities indicates that the histo- 
logical investigation was more sensitive than the study of conduction. The reverse, 
abnormal conduction velocity or amplitude of the sensory potentials and normal 
histology of the sural nerve, was not seen. 

The relation of histological abnormalities to slowing in conduction was evaluated 
in the 43 nerves with slowing from which teased fibres were obtained. In 18 nerves 
slowing was moderate and was due to axonal loss, and demyelination occurred 
in less than 3 per cent of teased fibres. Conversely, in 9 nerves, axonal loss could 
not explain the marked slowing; demyelination was seen in many teased fibres and 
could probably account for the marked slowing. There remain 16 nerves (37 per 
cent) in which slowing could be explained neither by fibre loss nor by the incidence 
of demyelination present in at most 20 per cent of the fibres. 

In this connection the question arises whether findings obtained over 10 mm of 
50 teased nerve fibres were representative for the 120 to 150 mm of the 100 to 3500 
fibres over which conduction velocity was determined. The incidence of fibres with 
myelin abnormalities did not increase proportionately with the length over which 
the fibres were teased. Thus, in 16 nerves of patients with disproportionate slowing, 
the incidence of normal fibres, of fibres with myelin abnormalities and of myelin 
defects per fibre obtained over 5 mm of teased fibres was compared with that 
obtained over 10 mm of teased fibre. When teased over a length of 10 mm the 
incidence of abnormalities was 30 per cent higher instead of doubled. By extrapola- 
tion! this suggests that the incidence of fibres with demyelination would increase 
from, for example, 20 per cent in 10-mm-long teased fibres to 50 per cent over 
a 130-mm-long portion of the nerve, that is, with this assumption half of the fibres 
would not have segments with demyelination. 

Teased fibres were obtained from 3 to 5 different fascicles. This probably com- 
pensates for the differences in myelin abnormalities in different fascicles. In 8 nerves 
from lead-exposed men a second series of 50 fibres was teased (Dr. Galassi). The 
incidence of myelin abnormalities was the same as in the first series. Thus, although 
there 1 no definite proof, it seems likely that so many fibres had an intact myelin 
sheath that demyelination did not account for the slowing. 

Remyelination occurred as frequently in nerves with as in those without slowing 
and can therefore not explain the slowing in conduction. 

We are still ignorant of the other cause of slowing when neither loss of fibres nor 
demyelination can explain it. There are other conditions in which slowing occurs 
in the absence of structural changes: (i) in the hypoxic segment of the nerve con- 
duction decreased to 40 per cent of the pre-hypoxic level (Caruso, Labianca and 

! The computer programme 1s available on request. 
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Ferrannini, 1973, Nielsen and Kardel 1974), whereas it regained normal velocity 
proximal to the hypoxic segment, indicating that there was true slowing before 
conduction was blocked (Behse and Buchthal, 1975). Presumably hypoxia pro- 
longed the rate of rise of the nodal action current; (ii) in experimental diabetes 
(Sharma and Thomas, 1974, Sharma, Thomas and De Molina, 1977) and in 
galactosemia (Sharma, Thomas and Baker, 1976), slowing in conduction has been 
found in the absence of fibre loss or other structural or ultrastructural changes. 

Some kind of a functional defect in the nerve membrane may be co-existent 
with structural changes and may be more common than hitherto assumed. Thus, 
the defect may explain why in nerves with proportionate slowing the recorded 
velocity tended to be slightly lower than that calculated from diameter (fig. 4, 
upper row). Depending on the severity of the defect, nerves in alcoholic, diabetic 
or post-infectious neuropathy (fig. 6, C, D, E) may exhibit proportionate or dis- 
proportionate slowing. Disproportionate slowing due to the assumed functional 
defect of the membrane was less marked than the slowing due to extensive de- 
myelination. 


SUMMARY 


In 167 consecutive patients with various types of neuropathy, the amplitude of 
the sensory potential and the maximum conduction velocity along the sural nerve 
were compared with conduction in other sensory nerves, and were related to 
structural changes revealed by nerve biopsy. Electrophysiological findings in the 
sural nerve were similar to those in the superficial peroneal and the median nerve, 
though the distal segment of the median nerve was normal in 20 per cent of the 
patients when it was abnormal in the sural nerve. 

Quantitation of histological findings was a more sensitive method than the 
electrophysiological study in that two-thirds of 33 patients with normal electro- 
physiology in the sural nerve showed mild loss of fibres or signs of remyelination in 
teased fibres. The amplitude of the sensory potential was grossly related to the 
number of large myelinated fibres (> 7 um in diameter). Considering the 95 nerves 
from which teased fibres were obtained, maximum conduction velocity was 
abnormal in half. In 18 of these nerves, slowing in conduction was due to axonal 
degeneration: the velocity was as to be expected from the diameter of the largest 
fibres in the biopsy (‘proportionate slowing’). In 9 nerves slowing was severe and 
more marked than to be expected from loss of the largest fibres (‘disproportionate 
slowing"); these nerves showed paranodal or segmental demyelination in more than 
30 per cent of the fibres. 

In 16 nerves from patients with neuropathy of different etiology neither loss 
of fibres nor demyelination could explain the moderate slowing. The cause of 
slowing in these nerves is unknown; other conditions are referred to in which 
slowing in conduction cannot be attributed to morphological changes. Finally, 
electrophysiological and histological findings are reported in some patients 
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with neuropathy associated with malignant neoplasm, with rheumatoid 
arthritis, with polyarteritis nodosa, with acute intermittent porphyria and 
with cirrhosis of the liver. 
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FACTORS INFLUENCING THE RISK OF 
MULTIPLE SCLEROSIS DEVELOPING IN 
PATIENTS WITH OPTIC NEURITIS 


by їр. A. S. COMPSTON, J. R. BATCHELOR, С. J. EARL and 
W. I. MCDONALD 


(From the McIndoe Memorial Research Unit, East Grinstead, Moorfields Eye Hospital and the 
Institute of Neurology, Queen Square) 


INTRODUCTION 


THE clinical syndrome of optic or retrobulbar neuritis (ON) is easily recognized 
in the typical case. After the exclusion of specific causes there remains a sizeable 
group of patients in whom the etiology can not be identified (McDonald, 1977). 
Some of this latter group develop multiple sclerosis (MS) but the fact that after 
lengthy follow-up some patients do not have further neurological episodes suggests 
that isolated optic neuritis is more than one disease. 


Optic Neuritis and Multiple Sclerosis 


The statistics which relate optic neuritis to MS are complex. Some facts are 
well established: approximately 50 per cent of MS patients have a clinical episode 
of optic neuritis at some time during the course of their disease (McAlpine, 
Compston and Lumsden, 1955). Many of the remainder have ophthalmoscopic 
evidence of damage to the optic nerve and there is electrophysiological evidence 
of past optic neuritis in 90 per cent of clinically definite MS cases (Halliday, 
McDonald and Mushin, 1973). All of Lumsden’s (1970) 36 unselected necropsies 
on MS patients showed optic nerve demyelination. Except in Japanese studies 
optic neuritis is the presenting symptom in approximately 20 per cent of cases 
(Leibowitz and Alter, 1973). 

The risk of MS developing later in patients with isolated optic neuritis is how-. 
ever less certain: the published incidence varies between 85 per cent (Lynn, 1959) 
and 13 per cent (Kurland, Auth, Beebe, Kurtzke, Lessell, Nagler and Nefzger, 
1963). Several factors may contribute to these differences. First, diagnostic criteria 
for MS and optic neuritis, and the mean length of follow-up, vary between different 
studies. Bradley and Whitty (1968) found that cases developing MS after optic 
neuritis had declared themselves within four years, whereas McAlpine, Lumsden 
and Acheson (1965) concluded ‘The longer the period of observation the higher 
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will be the percentage of cases of retrobulbar neuritis which develop signs of MS’. 
Since therefore the rate at which patients develop MS is unpredictable a com- 
parison of the mean duration of follow-up between studies may not be useful. 
Secondly, the methods of analysis vary in different investigations. In most, the 
proportion of cases developing MS has been determined on the basis of the 
subsequent course. However, Nikoskelainen and Riekkinen (1974) also included 
patients who, when first seen with optic neuritis, had disseminated neurological 
signs or a history of past neurological symptoms. In the most recent study from 
Belfast, Hutchinson (1976) predicted on the basis of an actuarial analysis that 
78 per cent of patients presenting with optic neuritis will have developed MS after 
fifteen years. 

Finally, the lower proportion of cases of optic neuritis developing MS in all 
series reported from the United States, compared with studies from Europe, 
suggests that there may be real differences in the risk of developing MS and that 
some of these differences may have a geographical basis. 

There have been a number of attempts to identify factors which might help to 
determine the risk of MS developing in the individual patient. Taub and Rucker 
(1954) investigated the effect of age of onset and found that the risk was marginally 
increased in those over the age of 20 years, when compared with younger patients. 
The effect on prognosis of bilateral as opposed to unilateral attacks was studied 
by Hierons and Lyle (1959). They found no suggestion that bilateral involvement 
carried a greater risk, irrespective of whether the two eyes were affected simul- 
taneously or sequentially. They did not study recurrent unilateral cases. A number 
of investigators have noted a slight increase in the attack rate of optic neuritis in 
the spring and early summer but this seasonal variation has not hitherto proved 
to be of prognostic value (Taub and Rucker, 1954; Bradley and Whitty, 1967; 
Hutchinson, 1976). 

Genetic predisposition to multiple sclerosis has not previously been investigated 
as a risk factor in patients with optic neuritis. The observation that the proportion 
of affected first degree relatives of MS patients is twenty times higher than expected 
(McAlpine et al., 1965) has led to attempts to identify markers of genetic suscep- 
tibility to the disease. Until recently such investigations have been unsuccessful. 
However, the recent discovery of an association between certain tissue types and 
MS raises the possibility that tissue typing, at the time of the first neurological 
episode, might be useful in identifying those patients likely to develop disseminated 
lesions later. We have explored this possibility in patients presenting with isolated 
optic neuritis. 

In order to understand our approach to the present investigation it will be 
helpful to review the current state of knowledge of the major histocompatibility 
system in man and its relationship to MS. 
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The Human Leucocyte Antigen System (HLA) 


Tissue compatibility is now known to be genetically determined. As in all 
genetic systems it is the gene products—in this case the HLA antigens— which 
confer specificity. The HLA antigens are coded for by genes occurring at four sites 
or loci on the sixth chromosome. There is one locus each for the HLA-A, -B, 
-C and -D genes (Svejgaard, Hauge, Jersild, Platz, Ryder, Staub Nielson and 
Thomsen, 1975). There are many alternative gene forms or alleles for each locus. 
Since the cells of each individual have paired chromosomes they will express only 
two antigens coded for at each of these four loci. Other genes are found in the same 
region and attention has recently been concentrated on a group of antigens which 
are mainly expressed on peripheral blood B-lymphocytes. These antigens are of 
interest because the genes coding for them are thought to be analogous to genes 
in mice which are involved in the control of the immune response (Svejgaard et al., 
1975). The murine antigens have been called immune response associated (Ia) and 
the human, Ia-like, antigens. The HLA-A, -B and -C antigens are detected by 
serological tests on unfractionated peripheral blood lymphocytes (60-80 per cent 
T-lymphocytes) whereas the Ia-like antigens are detected by similar tests on 
purified peripheral blood B-lymphocytes. The detection of HLA-D antigens is 
more difficult and depends on techniques involving cellular interaction. The 
definition of some antigens is still provisional and these are identified by the suffix 
*w', for example, HLA-Dw2. Recently it has been shown that the Ia-like and the 
HLA-Dw antigens are very closely related and may indeed be identical, despite 
the fact that they are detected by different techniques. Since the evidence is con- 
flicting the WHO Committee on HLA nomenclature has decided to call the Ia-like 
antigens HLA-D Related w (HLA-DRw) antigens (Histocompatibility Testing, 
1977). 

In addition to these internationally accepted antigens a number of individual 
laboratories have defined Ia-like antigens. Many of these are known to be equiva- 
lent to WHO-assigned HLA-DRw antigens, but in other cases, the relationship : 
is still uncertain. 


HLA and Multiple Sclerosis 


MS was originally shown to be associated with the presence of HLA-A3 and 
HLA-B7 (Jersild, Svejgaard and Fog, 1972) but the association is weak. It is now 
thought that these associations are secondary and that an allele at an adjacent 
locus confers susceptibility to the disease. In many genetic systems an association 
between particular alleles does not usually occur in randomly mating populations. 
However in the HLA system there is a tendency for certain alleles (for example, 
HLA-A3 and -B7) to occur together more frequently than would be expected by 
chance alone. The biological importance of this phenomenon, known as /inkage 
disequilibrium, has been discussed by McDevitt and Bodmer (1974). In relation to 
MS, the practical problem is to distinguish between the locus which codes for the 
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allele responsible for susceptibility and the loci which code for alleles showing 
secondary associations due to linkage disequilibrium. The allele showing the 
highest association is the best candidate for the role of susceptibility gene. 

HLA-D antigens were therefore studied and Jersild, Hansen, Svejgaard, Fog, 
Thomsen and Dupont (1973) demonstrated a stronger association between MS 
and HLA-Dw2 (original local name Ld7a). The development of relatively con- 
venient and reliable techniques for detecting HLA-DRw antigens has stimulated 
the search for associations between these antigens and MS. The disease has now 
been shown to be most closely associated with three locally defined Ia-like antigens 
—Ag7a (Winchester, Ebers, Fu, Espinosa, Zabriskie and Kunkel, 1975), B group 4 
(Terasaki, Park, Opelz and Ting, 1976) and BT 101 (Compston, Batchelor and 
McDonald, 1976)—and also with HLA-DRw2 (Histocompatibility Testing, 1977). 
In our own series of 156 MS cases BT 101 was present in 79 per cent compared : 
with a frequency of 35 per cent in 85 controls. These HLA-DRw antigen associa- 
tions with MS have now been confirmed in patients of Northern European stock, 
in Europe, Australia and North America (Histocompatibility Testing, 1977). By 
contrast, in Jordanian Arabs (Kurdi, Ayesh, Abdallat, Maayta, McDonald, 
Compston and Batchelor, 1977) and in Italians (Histocompatibility Testing, 1977) 
MS has been found to associate with a specifically different allele, HLA-DR w4. 

The question we have tried to answer in this study is whether HLA typing pro- 
vides a useful guide to the risk of development of MS. Arnason, Fuller, Lehrich 
and Wray (1974) showed that HLA-A3 was present in a higher proportion of 
patients with MS than in patients with optic neuritis who had not developed MS 
during follow-up. The present investigation was designed to assess the prognostic 
significance of the presence of the antigen BT 101. We also assessed the importance 
of recurrent or bilateral episodes and the season of onset of optic neuritis. 


PATIENTS 


The patients in this study had all attended the Physicians’ Clinic at Moorfields Eye Hospital, City 
Road or High Holborn, during the past twenty-three years. They were identified by reviewing all the 
accessible notes. All available patients in whom a clinical diagnosis of optic neuritis had been made and 
in whom there was no record of neurological symptoms preceding the episode of visual impairment or 
signs at the time of presentation were asked to reattend the Clinic. As in our previous investigations, 
optic neuritis was diagnosed in patients presenting with the rapid onset of visual loss, usually accom- 
panied by ocular pain on movement, in whom there was a reduction in visual acuity, with a central field 
defect, either with or without a swollen disc (Earl and Martin, 1967; Gould, Bird, Leaver and McDonald, 
1977). Patients were excluded if they had a retinal lesion or if there was evidence of'a condition other than 
MS which might cause an optic nerve lesion—for example, gross paranasal sinus disease, blood pressure 
over 180/110 mmHg or hypertensive retinal vascular disease, diabetes, a history of amaurosis fugax, 
rheumatic valvular heart disease, a family history of optic nerve disease, heavy tobacco or alcohol 
consumption, dietary deficiency, Vitamin B12 deficiency, regular use of drugs known to cause optic 
atrophy, hypercholesterolemia, syphilis, long-standing visual loss from other causes, patients with 
a clinical picture suggestive of ischemic optic neuropathy (Boghen and Glazer, 1975), patients who were 
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not aged between 10 and 50 years at the onset of symptoms and patients in whom the symptoms developed 
outside Europe, or who were not Caucasian. " 

One hundred and sixty-four patients were seen in the Clinic between August 1976 and August 1977. 
Details of their original episode of visual impairment were recorded and enquiry made into any symp- 
toms preceding this and into any illness since the episode of optic neuritis. The date of the first attack 
of optic neuritis, which was not always the attack which led to the patient's attendance at Moorfields, 
was obtained where possible from the hospital notes but in a minority of cases the patient's memory 
was relied upon. The period of follow-up was taken as the time from the onset of the original attack to 
the time of reassessment or in patients developing MS to the time of development of neurological 
episodes outside the visual system. A neurological examination was performed on all patients and 
10 ml of peripheral blood was taken for HLA typing. 

Eighteen patients who failed to fulfil the above criteria were excluded. Using the criteria of McDonald 
and Halliday (1977) the remaining 146 patients were classified at reassessment as having developed 
clinically definite, early probable or latent MS (ON/MS) or as having had optic neuritis only (ON-only). 
Recurrent or bilateral optic neuritis was diagnosed only when there was a clear history of new visual 
symptoms not attributable to the initial lesion. Patients in whom abnormal physical signs were found 
in both eyes were classified according to their history. Patients with more than one episode of visual 
impairment but without other neurological symptoms or signs were classified as having optic neuritis 
only. Visual evoked potentials had been studied in some of the patients at the time of the initial pre- 
sentation but the results were not used as a criterion for inclusion in this study. Auditory and spinal 
evoked potentials were subsequently recorded in a number of patients with clinical evidence of optic 
neuritis only and those with abnormalities characteristic of demyelination of brain-stem (Robinson and 
Rudge, 1977) or spinal cord (Small, Matthews and Small, 1978) were classified as latent MS even though 
the clinical signs were restricted to the visual pathways. 


IMMUNOLOGY 


HLA typing was done using well validated antisera against the HLA-A, -B and -C gene products 
in both the National Institutes of Health and a local lymphocytotoxicity test (Batchelor, 1973). HLA- 
DRw typing was done on cell populations enriched for B-lymphocytes by first separating lymphocytes 
from peripheral blood, anticoagulated with edetic acid (EDTA) by centrifugation over a density gradient 
of Ficoll-Triosil (metrizoate sodium). The cells were then washed in 5 Mm EDTA and incubated with 
papain treated sheep red blood cells (SRBCs) at 4? C overnight to form E rosettes. The rosetted 
T-lymphocytes were separated from the non-rosetted B-lymphocytes, macrophages and monocytes 
by further centrifugation over Ficoll-Triosil. The 'non-rosetted' cells were harvested, washed and 
resuspended in McCoy’s medium with 0-5 per cent foetal calf serum. This suspension contained 80-90 per 
cent B-lymphocytes as judged by the uptake of fluorescent labelled anti-immunoglobulin. T-lymphocytes 
from the same blood samples were prepared by lysing the SRBCs in the separated E rosettes with 
0:85 per cent ammonium chloride, and then washing and resuspending the lymphocytes as described 
for the B-lymphocytes. This suspension contained 99 per cent T-lymphocytes as judged by 're-rosetting'. 
T and B enriched cell suspensions from the same peripheral blood sample were always tested in parallel 
in lymphocytotoxicity tests in which 1 yl of target cell suspension (4 x 10° cells/ml) was incubated with 
a similar volume of antiserum for one hour at 20° C. The cells were then re-incubated with 5 yl rabbit 
complement for two hours. 0-4 per cent trypan blue was used to assay cell death. Antisera for HLA- 
DRw typing were absorbed with pooled platelets (10!?/m]) three times at 4° C to remove antibodies 
directed against HLA-A, -B or -C gene products and all sera used to identify HLA-DRw antigens were 
shown after absorption to react with B- but not T-lymphocytes from the same blood sample. The cells 
from all patients were tested against antisera defining many HLA-A, -B, -C and -DRw antigens but 
in this paper the, results are given only for the antigens HLA-B7 and BT101. This Ia-like antigen is 
equivalent to HLA-DRw2 but also cross-reacts with HLA-DRw1 and some HLA-DR w$ positive cells. 
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The assignment of the HLA-DRw antigens was made by the WHO Committee after this study was 
completed and the cells from only a few patients in this study were tested against antisera specific 
for HLA-DRw2. 


STATISTICS 


The statistical significance of the results was assessed using the y? test. The relative risk (RR) of MS 
developing in one group of patients compared with another was calculated according to Svejgaard 
et al. (1975) using the formula 


— BT 101-positive ON/MS x BL 101-negative ON-only. 
BT 101-negative ON/MS x BT 101-positive ON-only 


A value greater than one signifies an increased risk and a value less than one, a decreased risk. 

Since the results were inevitably based on a clinical assessment at different stages in each patient's 
illness and since some patients who at reassessment still had optic neuritis only might later develop MS, 
an actuarial analysis was made. In this method a prediction is made of the fraction of patients who would 
remain with optic neuritis only, if all patients had been followed for the same time. This prediction is 
made for different intervals and a curve drawn. Using the method of Barnes (1965): Fraction with 
ON/MS at the end of the first interval (0-6 months) 


number of cases developing MS between 0 and 6 months 
™ (number of cases entering study)— (half number not followed up for 6 months) 


This fraction with ON/MS is subtracted from one to derive the fraction with optic neuritis only. The 
new fraction with optic neuritis only is calculated for successive intervals and multiplied by the optic 
neuritis only fraction for the preceding interval, to obtain the next point on the curve. 








RESULTS 
Clinical Assessment 


One hundred and forty-six patients were reviewed and tissue typed at an interval 
of one month to twenty-three years after their initial episode of optic neuritis. The 
mean duration of follow-up was 47-3 months. The results of the clinical analysis are 
shown in Table 1. Fifty-eight patients (40 per cent) had developed MS (ON/MS); 


TABLE 1. CLINICAL ANALYSIS 





Total No. patients reassessed 164 
Exclusions, non-European Caucasians 2 
5 , Symptoms developed outside Europe 
$5 , episodes preceding optic neuritis 11 
» ,technical D 1 
» , aged > 50 years at onset 2 
18 
Total No. patients in study 146 (100%) 
Optic neuritis developing multiple sclerosis (ON/MS) 58 (40%) 
clinically definite 36 
early probable or latent 22 


Optic neuritis only (ON-only) . 88 (60%) 
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36 of these were clinically definite and 22 were early probable or latent cases 
(EPL). Six cases with electrophysiological evidence only of more than one neuro- 
logical lesion were included in the EPL group. Eighty-eight patients (60 per cent) 
were classified as optic neuritis only. 


Tissue Typing 


The results of tissue typing are shown in Table 2. Sixty out of 146 patients 
(41 per cent) were positive for HLA-B7. This compares with the frequency of 
31 percent in the normal population of South-east England. The higher proportion 
in our population reflects the inclusion of patients with MS. Thirty-three out of 
88 patients (38 per cent) with optic neuritis only were positive for HLA-B7 com- 
pared with 27/58 (47 per cent) in the ON/MS group but this difference is not 
significant (y? = 1-08, P = NS). Since the presence of HLA-B7 was not associated 
with an increased risk of MS in patients with optic neuritis, we did not assess its 
prognostic value in combination with the other factors that we investigated. 


TABLE 2. RESULTS OF TYPING FOR HLA ANTIGENS B7 AND BT 101 IN 
ON-ONLY AND ON/MS PATIENTS 


No. B7 BT 101 
studied Positive Negative Positive Negative 
All patients 146 60 (41%) 86 (59%) 100 (68%) 46 (32%) 
Optic neuritis only 88 — 133084) 55 (63%) 51 (58%) 37 (42%) 
Multiple sclerosis (ON/MS) 58 !27(47У) | 31(5392) 49 (84%) 9 (16%) 


-— = = m e e л e 4 


er 


L__tx?= 1-08; P=NS; RR=1-45. [_]x?=11 40; P<0-001; RR=3-95. 


One-hundred out of 146 patients (68 per cent) were positive for BT 101 and this 
compares with the frequency of 35 per cent of the normal population, again 
reflecting the inclusion of MS patients. BT 101 was present in 51/88 patients 
(58 per cent) with optic neuritis only, compared with 49/58 patients (84 per cent) 
with ON/MS. This difference is significant (y? = 11-40, P<0-001, RR = 3:95). 

The actuarial curves are shown in fig. 1. At the start of the study (time 0 on the 
horizontal axis) all patients had optic neuritis only. 

Subsequently patients developed MS and the percentage of patients remaining 
with optic neuritis only (shown on the vertical axis) declined. From the curve 
based on the whole series it is predicted that 60 per cent of patients will have 
developed MS by eight years. This figure is in good agreement with the results 
of previous studies from the UK (Bradley and Whitty, 1968; Bowden, Bowden, 
Friedmann, Perkin and Rose, 1974). When curves were drawn separately for 
patients who were BT 101 positive and BT 101 negative, there was a difference in 
the predicted risk of developing MS which was evident within the first year and 
became more striking as time went by. The observed occurrence of MS in the 
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NUMBERS STUDIED AT EACH INTERVAL 


4642 3636 34 26 18 7 6 5 BT iO! NEGATIVE 
86 776563 59 44 V © 7 6 HLA B7 NEGATIVE 
146126112107 99 78 55 22 и 12 TOTAL d 
60494744 40 34 26 12 7 6 HLA B7 POSITIVE 
1008476 71 65 52 37 15 8 7 ВТК POSITIVE 


ВТ O! NEGATIVE 





61284 36 48 72 96 120 
INTERVAL (MONTHS) 


Fic. 1. Actuarial curves showing the percentage of patients with optic neuritis only after different intervals of 
follow-up. Curves are drawn for patients in five groups: BT 101 negative, HLA-B7 negative, all patients (total), 
HLA-B7 positive, BT 101 positive. The numbers of patients on whom the calculations are based at each point 
are shown above the curves. 


BT 101 negative group was 9/46 (20 per cent) and the incidence at eight years 
predicted from the actuarial curve was 34 per cent. This contrasts with the observed 
incidence of 49/100 cases and the predicted value of 73 per cent at eight years, in 
the BT 101 positive cases. The significance of the sudden drop in the percentage 
of cases with optic neuritis only between thirty-six and seventy-two months in the 
BT 101 negative group is uncertain in view of the small number of cases on which 
this part of the curve is based. - 

It is clear that patients with optic neuritis who are BT 101 positive have a 
significantly greater risk of deyeloping MS than those who are BT 101 negative. 
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TABLE 3. NUMBER OF CASES PRESENTING IN EACH MONTH OF THE YEAR 


ON-only ON-only ON/MS ON/MS 
BT 101 BT 101 ВТ 101 BT 101 
Total ^ positive negative positive negative 


Total 


Season of Onset 
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The month of onset of the initial episode of optic: neuritis was obtained in 
144 patients. Table 3 shows the numbers of optie neuritis only and ON/MS cases 
presenting in each month. These two clinical groups are further divided into 
BT 101 positive and negative cases, making four groups in all. For the analysis of 
the relation between season of onset and progriosis the patients were grouped 
together as ‘summer onset’ (April to September inclusive) and ‘winter onset’ 
(October to March). Sixty-six out of 144 patients (46 per cent) developed their 
initial optic neuritis in the winter compared with 78/144 (54 per cent) in the summer. 
There was a peak within the summer group of cases presenting in May to July 
which has been noticed in previous studies (see Introduction). Table 4 shows that 


TABLE 4, SEASON OF ONSET OF OPTIC NEURITIS IN ON-ONLY AND ON/MS 
PATIENTS, EACH DIVIDED INTO BT 101 POSITIVE AND NEGATIVE GROUPS 


Number Winter onset Summer onset 
studied (Oct-March) — (Apr-Sept) 


All patients 144 66 (46%) 78 (54%) 
BT 101-negative 37 18 (49%) 19 (51%) 
ON-only 
BT 101-negative 8 3 (38%) 5 (63%) 
ON/MS 

Total BT 101-negative 45 21 (47%) 24 (53%) 

x?7=0-33. P= NS. RR = 0-63. 

BT 101-positive 51 16 (31%) 35 (69%) 
ON-only 
BT 101-positive 48 29 (60%) 19 (40%) 
ON/MS 

Total BT 101-positive 99 45 (45%) 54 (55%) 


х= 8:41. P «0.001. RR = 3-34. 
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for patients who were BT 101 negative there was no difference in prognosis between 
patients with winter and summer onset. In contrast patients who were BT 101 
positive and who suffered from an attack of optic neuritis in the winter were more 
likely to develop MS (29/48, 60 per cent) than BT 101 positive patients who had 
their first attack in the summer (19/48, 40 per cent). The reverse was found in optic 
neuritis only patients with BT 101 of whom 16/51 (31 per cent) presented in the 
winter compared with 35/51 (69 per cent) who presented in the summer. This 
difference is significant (x? = 8:41, P —0:01, RR = 3-34). 


Bilateral Attacks 


There were 140 patients in whom a good history of the number of discrete 
episodes of visual impairment could be obtained (85 ON-only, 55 ON/MS) and of 
these 43 (31 per cent) had had more than a single unilateral episode. (Table 5). In 
those who developed MS the recurrent attacks of optic neuritis preceded historical 
evidence of demyelination outside the visual system. The 43 patients have been 
grouped together for analysis irrespective of whether their attacks were recurrent 
unilateral (10) bilateral and simultaneous (3) bilateral and sequential (24) or 
both unilateral recurrent and bilateral (6). Sixteen out of 85 patients (19 per cent) 
with optic neuritis only had had recurrent attacks compared with 27/55 patients 
(49 per cent) who had developed MS. This difference is significant (y? = 14-38. 
P «0:001. RR = 4-16). The 140 patients in whom the number of episodes of visual 
impairment was known have been divided into a group with and a group without 
BT 101 and an analysis of the significance of recurrent episodes on prognosis has 
been made. In the group who were positive for BT 101 the prognostic significance 


TABLE 5. NUMBER OF CASES WITH UNILATERAL OR RECURRENT ON iN ON-ONLY 
AND ON/MS PATIENTS, EACH DIVIDED INTO BT 101 POSITIVE AND NEGATIVE 


GROUPS. 
Unilateral Recurrent Total 
All patients 97 (69%) 43 31%) 140 
ON-only 69 (81%) 16 (19%) 85 
ON-MS 28 (51%) 27 (49%) 55 
x7 = 14-38: P< 0-001: RR = 4-16. 
BT 101-positive ON-only 43 (90%) 5 (10%) 48 
BT 101-positive ON/MS 25 (53%) 22 (47%) 47 
Total 68 (72%) 27 (28%) 95 
x? = 15-46: P «0-001: RR = 7:57. 
BT 101 negative ON-only 26 (70%) 11 (30%) 37 
BT 101 negative ON/MS ` 3 67%) 5 (63%) 8 
Total 29 (64%) 16 (36%) 45 


х? = 3:08: P=NS: RR = 3:94. 
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of recurrent attacks is even more marked. Twenty-two out of 47 patients (47 per 
cent) developing MS had recurrent attacks compared with 5/48 ON only patients 
(10 per cent: x? = 15:46. P —0-001. RR — 7:57). Although a similar trend was 
observed in the BT 101 negative group in that 5/8 patients developing MS had 
recurrent attacks compared with 11/37 optic neuritis only patients, the numbers 
are small and the difference is not significant (y? = 3-08, P= NS. RR = 3:94). 


Combination of Risk Factors 


Actuarial curves showing the prognosis of patients who had all three risk 
factors (that is, BT 101, winter onset of optic neuritis and recurrent episodes) 
compared with those who had none of them, or combinations of only two, are 
not shown since the numbers are small: but it is striking that of the 14 patients 
who had all'three factors 12 have developed MS. If these 14 patients are compared 
with the 126 remaining patients who did not have all three factors and of whom 
43 (34 per cent) have developed MS, the difference is highly significant (y? = 15:32. 
Р «0-001. RR = 11-58). 


DISCUSSION 


In this study we have identified three factors which are significantly associated 
with the development of MS after optic neuritis: the presence of the histo- 
compatibility antigen BT 101 (equivalent to HLA-DRw2), recurrence of 
attacks of optic neuritis and the season of onset of the initial attack. The results 
will be discussed in terms of the risk to an individual with optic neuritis and in 
terms of the relationship of optic neuritis to MS in general. 

None of the risk factors which has been identified is specific to ON/MS patients 
and thus does not provide an absolute guide to the risk of MS developing in the 
individual patient with optic neuritis. 

There is a clear association between the development of MS and the presence 
of BT 101. By using an actuarial method of analysis it is predicted that 73 per cent 
of optic neuritis patients with, and 34 per cent without, this antigen will develop 
MS if they are all followed up for at least eight years. The overall figure of 60 per 
cent is lower than Hutchinson's (1976) figure of 78 per cent developing MS by 
fifteen years using an actuarial analysis based on clinical observation alone. This 
suggests that a further 18 per cent of patients with optic neuritis will develop MS 
after more than eight years and 3 patients in our study have in fact done so 
already (not shown on the actuarial curves but included in the Tables). These 
findings are in contrast to the conclusion of Bradley and Whitty (1968) that cases 
developing MS after optic neuritis declared themselves within four years. It is in 
agreement with the view of McAlpine et al. (1965) that the longer the period of 
follow-up, the higher the proportion of patients who develop multiple sclerosis. 

The increased frequency of MS in cases of recurrent optic neuritis has an 
important clinical implication. Our results suggest that in the clinical classification 


506 | D. А. S. COMPSTON AND OTHERS 


of MS it is appropriate to regard recurrent attacks of optic neuritis as separate 
events, carrying the same significance as episodes of demyelination occurring 
elsewhere in the central nervous system in a patient with a previous attack of 
optic neuritis. 

The application of the risk factors to the individual patient can thus only add 
to the suspicion that a patient will develop MS after optic neuritis. We now give 
a more guarded prognosis to any patient who has had more than one attack of 
optic neuritis, who is positive for BT 101, and who presented with optic neuritis 
in the winter. І 

The etiology of optic neuritis in those cases in which specific causes have been 
excluded is unknown. The fact that some patients with optic neuritis subsequently 
develop MS while others do not, even after prolonged follow-up, suggests that 
optic neuritis represents more than one disease. Epidemiological surveys of the 
prevalence rate of multiple sclerosis in migrating populations of one ethnic group 
provides compelling evidence that an environmental agent is involved in the 
etiology of the disease (Dean, 1967; Leibowitz and Alter, 1973). The seasonal 
variation in the attack rate of optic neuritis suggests that this condition is also 
caused by environmental agents. The different rate at which MS develops after 
optic neuritis in BT 101 positive and BT 101 negative cases provides evidence that 
a genetic factor is also involved. Considering all the evidence from the present 
investigation together, we conclude that there are at least two forms of optic 
neuritis, each having different etiologies, and that the subsequent development 
of MS is due to a specific interaction between one of the environmental agents 
causing optic neuritis and the genetically susceptible host. We suggest that MS does 
not develop unless both factors are present. There is a tendency for the ‘benign’ 
summer agent not to produce MS even in the susceptible host, and for neither of 
the putative agents to produce MS in the genetically non-susceptible host. The 
postulated environmental agent causing MS might be identified by comparing 
exposure to viral infection in BT 101 positive patients who have the first attack 
of optic neuritis during the winter with exposure in genetically matched controls 
studied at the same time. In this way comparison of patients with inappropriate 
controls who may have been exposed to different environmental agents or who 
may never have been at risk of developing MS, whatever environmental events 
have occurred, would be avoided. 

Although Sibley and Foley (1965) noted a seasonal variation in attacks of MS, 
with a significant increase in July to October, there was no significant seasonal 
variation in the onset of MS. It remains to be determined whether MS patients with 
modes of presentation other than optic neuritis, classified on the basis of tissue 
type, also show a seasonal variation in onset: It is possible that different pre- 
sentations of MS may be due to different causes or be fe result of a different 
combination of events. 

Although the results of the present investigation йе further evidence that 
there is a genetic factor leading to susceptibility to MS, and that this factor operates 
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through specific interaction with an environmental agent, the nature of the inter- 
action remains obscure. Several lines of evidence suggest that an immunological 
mechanism is involved. First, the closest genetic marker of MS susceptibility yet 
identified is an Ia-like (HLA-DRw) antigen. Secondly, antibody of specific 
electrophoretic mobility (oligoclonal IgG) is found in the spinal fluid of over 
90 per cent of MS patients (Link and Müller, 1971; Thompson, E. J., Kaufmann, 
P., Rudge, P. and McDonald, W. I., unpublished data). Thirdly, antibody secret- 
ing cells have been demonstrated in the vicinity of MS plaques (Wright and 
Prineas, 1977; Esiri, 1977). Fourthly, an increase in the titre of humoral antibodies 
in blood and CSF to a variety of viruses.has been widely reported (see Fraser, 
1975) but the lack of specificity of these observations to MS makes them difficult 
to interpret. Finally, the balance of evidence suggests that cellular immunity is 
depressed in MS, although the details of the abnormalities remain poorly defined 
(Knight, 1977). 

While there is thus good evidence that abnormalities of the immune system exist 
in MS, their mode of operation is unknown. A number of diseases are known to 
have an autoimmune basis (for example, chronic active hepatitis, myasthenia 
gravis). These diseases have been shown to be associated with HLA-B8, and 
DRw3 (Histocompatibility Testing, 1977). The fact that MS is not associated with 
these antigens suggests that its exact pathogenesis is different. Furthermore, 
although in laboratory animals sensitization of immune competent cells to CNS 
antigens results in autoimmune demyelination (experimental allergic encephalo- 
myelitis), attempts to demonstrate evidence for a similar mechanism in MS have 
been unsuccessful (Caspary, 1977). 

The existence of additional iranunopstbologicil mechanisms is well established 
in experimental animals. In mice, the H2 system (murine equivalent of the human 
HLA system) is intimately involved in the recognition of foreign antigens (Miller, 
Vadas, Whitelaw and Gamble, 1976), in their handling (Erb and Feldmann, 1974), 
and in their elimination (Shearer, 1974), including viruses such as lymphocytic 
choriomeningitis virus (Doherty and Zinkernagel, 1975). Other evidence suggests 
that antigens coded for at each locus may contribute in complementary ways to 
this handling (Munro and Bright, 1976). That similar processes may occur in man 
is suggested by the recent observation that the cellular immune response to 
vaccinia virus (de Vries, Kreeftenberg, Loggen and Van Rood, 1977) and cell- 
mediated lysis of influenza-virus-infected human target cells (McMichael, Ting, 
Zweerink and Askonas, 1977) is HLA restricted. 

It is possible that the possession of the genetically determined antigens HLA-B7 
-Dw2 and in particular -DRw2 might confer on an individual a disadvantage in 
the ability to handle infection by the MS causative agent or group of agents. 
Subsequent damage to the central nervous system would result from the agent 
(possibly a virus) persisting and allowing damaging immunological processes to 
- develop. Although there are a number of reports of virus recovery from brain and 
other tissues from MS patients (ter Meulen, Iwasaki, Koprowski, Káckell and 
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Müller, 1972; Thorne and Dermott, 1976; Prasad, Broome, Pertschuk, Gupta 
, and Cook, 1977; Warren, Gilden, Brown, Devlin, Wroblewska, Subak-Sharpe 
and Koprowski, 1977) no single organism has been consistently isolated (Johnson, 
1977; Woyciechowska, Madden and Sever, 1977) and at present the question of 
persistent infection by a pathogenic organism in MS is unresolved. 

Finally, there is the general question as to why an antigen such as DRw2 which 
may confer susceptibility to a disease persists in the Caucasian population. Pre- 
. sumably, as in the case of the sickle cell trait and malaria, there is a balancing 
advantage to the population concerned, but its nature is completely unknown. 


SUMMARY 


One-hundred and forty-six patients who had presented with optic neuritis but 
without evidence of demyelination elsewhere in the nervous system, and in whom 
no specific cause could be identified, were reassessed clinically between one month 
and twenty-three years after the onset. Fifty-eight patients (40 per cent) had 
developed MS. All 146 patients were HLA-typed. Three factors were identified 
which were significantly associated with the development of MS: positive typing 
for the HLA antigen BT 101, winter onset of the initial attack of optic neuritis in 
BT 101-positive patients only, and recurrent attacks of optic neuritis. The applica- 
tion of these results to the individual patient is of limited use. However, recurrent 
attacks of optic neuritis should be given the same significance in the clinical 
classification of MS as episodes of demyelination occurring elsewhere in the central 
nervous system in a patient with-a previous attack of optic neuritis. The results 
suggest that optic neuritis is caused by two different environmental agents or groups 
of agents and that the agent which is most common in the winter leads to the 
development of MS in the genetically susceptible individual. The agent more 
common in the summer is much less likely to cause MS in either susceptible or 
non-susceptible individuals. The biological role of the HLA system in the handling 
of foreign antigens is discussed and it is suggested that the presence of the HLA 
antigens associated with MS confers a specific disadvantage on individuals in the 
ability to handle infection by the MS causative agent and that this allows damaging 
immunological processes to develop. 
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THE INTRINSIC CONNECTIONS OF THE 
CORTEX OF AREA 4 OF THE MONKEY! 


by K. C. GATTER and T. P. S. POWELL 
(From the Department of Human Anatomy, South Parks Road, Oxford) 


INTRODUCTION 


FOLLOWING the original demonstration that contraction of muscles could be 
elicited by electrical stimulation of the pericruciate region of the cortex in dogs 
(Fritsch and Hitzig, 1870) and of the pre- and post-central gyri of monkeys 
(Ferrier, 1873) several studies were devoted to ‘localise the motor function of each 
cortical point yielding motor responses' (Leyton and Sherrington, 1917). The 
surprising finding of the earlier workers was that although stimulation of a point 
on the cortex always resulted in movement of the same part of the body, the details 
of the response varied according to the time and place of previous stimulation and 
took the form of either facilitation, deviation or reversal of the initial response. 
Leyton and Sherrington (1917) considered ‘the functional instability of cortical 
motor points are indicative of the enormous wealth of mutual associations existing 
between the separable motor cortical points, and those associations must be a 
characteristic part of the machinery by which the synthetic powers of that cortex 
are made possible'. 

Recent studies which have been done with the purpose of determining in more 
detail the principles of localization within the motor cortex have used increasingly 
refined methods of electrical stimulation. These have included single rectangular 
cathodal or anodal pulses to the surface of the cortex (Liddell and Phillips, 1950, 
1952; Hern, Landgren, Phillips and Porter, 1962; Jankowska, Padel and Tanaka, 
1975b) or intracortical microstimulation (Asanuma and Rosén, 1972; Andersen, 
Hagan, Phillips and Powell, 1975) but even with these methods there is the possi- 
bility of activation of both the corticospinal and intrinsic neurons, and the need 
for further information about the organization of the cells and their intrinsic 
connections has been emphasized. 

Histological studies of the motor cortex, particularly of material impregnated 
with the Golgi' method (see Cajal, 1911; Marin-Padilla, 1969, 1970; Scheibel and 
Scheibel, 1970) have provided considerable information about the somata, 


! Some of the research reported in this and the following paper was presented in an Invited Lecture delivered 
at the Scientific Meeting which was held on 5 April 1978 to celebrate the Centenary of Brain. 
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dendritic processes and axonal ramifications of some of the cells and of the pre- 
dominantly radial arrangement of the fibres in the deeper layers. In recent years 
fibre degeneration techniques have been used to investigate the intrinsic connec- 
tions of other areas of the cortex (Spatz, Tigges and Tigges, 1970; Nauta, Butler 
and Jane, 1973; Fisken, Garey and Powell, 1975; Creutzfeldt, Garey, Kuroda and 
Wolff, 1977), and in area 17 of the visual cortex of the monkey it was possible to 
determine the distribution and extent of these connections in terms of the lamine 
of the cortex and to make certain correlations with functional observations of the 
same area (Fisken et al., 1975). The intrinsic connections of area 4 of the monkey 
have now been studied after the placement of small microelectrode lesions within 
the cortex. It was hoped that the information obtained would help in the inter- 
pretation of electrophysiological studies upon this area and also that a comparison 
with the findings in area 17, which is so different structurally and functionally, 
might provide some clues about the factors influencing the pattern of connections 
within the cortex. 


MATERIAL AND METHODS 


Twelve young adult monkeys were used in this study and all the operations were performed under 
Nembutal anzsthesia with full aseptic precautions. The precentral gyrus of one hemisphere was exposed 
and small lesions were made in the cortex of area 4 either with a tungsten microelectrode (Hubel, 1957), 
or, 1n a few cases, freehand with a steel needle. In the initial experiments it was found that the degenera- 
tion within the cortex was restricted to within a few millimetres of the lesion, and consequently in later 
experiments several lesions were made in the precentral gyrus but they were always placed sufficiently 
apart to prevent overlap of the degeneration. Lesions were made in all the topographic subdivisions 
of area 4 and throughout its anteroposterior and mediolateral extent. The majority of the electrode 
penetrations were made perpendicular to the surface of the cortex, but a few were made obliquely at 
approximately 45 degrees to the surface. The electrodes were inserted to a known depth and in most 
penetrations a current of 10 „A was passed throughout the traverse of the cortex, but in a few cases no 
current was passed. The position and depth of individual lesions were recorded at the time of operation. 

After a survival period of three to four days the animals were again anzesthetized and perfused through 
the heart with 0-9 per cent saline and 10 per cent formalin. The brains were removed and immersed 
in the fixative for a further period of several weeks. Blocks containing the pre- and post-central gyri 
were taken and after soaking in 30 per cent sucrose for seven to ten days were cut at 25 um on the 
freezing microtome. Most of the blocks were cut in either the sagittal or coronal plane, but a few were 
cut tangential to the surface of the cortex. All sections were collected and a 1:20 series was stained 
with either the Fink-Heimer (1967) or Wiitanen (1969) techniques and examined for the presence of 
lesions. An alternative series of sections was stained until all the lesions had been found, and then serial 
sections stained over the extent of individual lesions and the resulting degeneration. 


RESULTS 


A total of 53 lesions was placed in the cortex of area 4 and of these, 43 have been 
used, the other 10 being discarded either because of poor impregnation of the 
sections or because of adjoining incidental damage. To facilitate the description 
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of the results the lesions will be divided into groups according to the depth of the 
lesion and the laminz involved. The depth of the lesions will be described in terms 
of the laminz, although there is unavoidably some uncertainty because of the 
well-known difficulty in distinguishing some of the laminz in area 4; where a lesion 
has encroached upon the superficial margin of a lamina it has been assumed that 
it was involved. Both the Fink-Heimer and Wiitanen methods resulted in good 
impregnation of degenerating terminals and fibres, and the Wiitanen method had 
the added advantage that the cell bodies were also impregnated so that additional 
sections stained by the Nissl method were not required. Since the slightest damage 
to the neocortex, either direct or ischemic, will result in fibre and terminal degenera- 
tion, and because many of our lesions were small with the degeneration localized 
to within a few millimetres, care was taken to exclude the possibility that the 
degeneration due to the lesion could be attributed to such incidental damage. 

In Nissl sections cut in the sagittal plane or perpendicular to the central sulcus 
the cortex of area 4 is 3 to 4 mm in thickness and approximately twice that of the 
somatic sensory area in the adjoining postcentral gyrus. Layer I is almost devoid 
of neurons and is thicker than in the adjoining cortical areas. Layer II is made 
up mainly of small pyramids closely packed together and easily demarcated ; it is 
slightly thicker than layer I. In layer III, which consists predominantly of pyramidal 
cells, the neurons are larger, more widely separated and arranged in columns. In 
the outer part of this layer the cells are more densely arranged and smaller than in 
the deeper part. Layer IV, although narrow, can be recognized and forms a lighter 
band just superficial to the characteristic large Betz cells of this architectonic area. 
Many of the constituent cells are small, round and pale-staining. Layer V has the 
large Betz cells near its superficial margin and its constituent neurons are arranged 
in columns perpendicular to the surface. Although the Betz cells are always near 
the upper margin of this layer, the depth of them varies so that they form a tortuous 
line; they are frequently in groups of about 2 to 4 and separated by intervals from 
adjoining ones. The other pyramidal cells at the level of the Betz cells are also 
quite large but those more deeply situated in this layer are smaller and distinctly 
triangular. In layer VI, which merges very gradually with the underlying white 
matter, the cells have a less pronounced pyramidal shape and are more widely 
separated. The columnar arrangement of the cells is most prominent on the exposed 
lateral surface of the gyrus and on the anterior bank of the central sulcus, where 
their radial arrangement in relation to the curvature of the surface is very striking. 
In the deep half of the anterior wall of the central sulcus, which contains the 
representation of the hand, the columnar pattern is not so clear. 

In sections stained with the Wiitanen method where there has been only partial 
suppression of the impregnation of normal fibres there are many features of 
relevance to the interpretation of the experimental findings. There is a distinct 
difference in the number and pattern of the fibres superficial and deep to the level 
of layer IV and the Betz cells. In layers V and VI there is a radial arrangement of 
the fibres at low magnifications, and at higher magnifications this is seen to be due 
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to narrow bundles of fibres, 3 to 6 fibres in each, passing perpendicularly between 
and parallel to the rows of cells and separated by approximately 50 um (fig. 4A). 
At the level of the Betz cells there is a horizontal plexus of quite coarse fibres and 
the cells are in the middle of it. Throughout the depth of layer V many similar 
large fibres pass horizontally for considerable distances, and in parts of the cortex 
there are concentrations of these into a less distinct plexus near the deep margin 
of the layer. An occasional large fibre can be traced for several millimetres as it 
passes obliquely through the depth of both layers V and VI. Superficial to layer IV 
there are far fewer fibres impregnated and these are more irregularly distributed; 
many of the radially orientated bundles of fibres seen in the deep layers break up 
into finer branches which disperse in different directions, but a small number 
continue in a radial direction into layer III. 

In the first group of lesions which were examined in sagittal sections the damage 
extended through the depth of the cortex and in only two of them did it continue 
into the underlying white matter, and then for a distance of only 0-5 to 1 mm. 


cs 





Fic. 1. The fibre and terminal degeneration m a sagittal section resulting from a perpendicular microelectrode 
lesion through the full depth of the cortex of area 4. In this and subsequent figures the lesion 1s shown 1n solid black, 
the fibre degeneration by short lines and the terminal degeneration by dots. The lamin of the cortex are indicated 
by Roman numerals on the right of the figure and Betz cells by solid triangles 1n the superficial part of layer V. 
Abbreviations: А = anterior. ASS = anterior subcentral sulcus. CS = central sulcus L= lateral M = medial. 
Р = posterior. Roman numerals I-VI = layers of cortex 
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As far as can be judged the extent and pattern of the degeneration was the same 
irrespective of the site involved. A lesion in the lateral part of the precentral gyrus 
functionally related to the head and just anterior to the central sulcus is typical 
of this group (figs. 1, 2 and 3). It forms a slit 60 m wide through the depth of the 
cortex and barely encroaches upon the underlying white matter. Immediately 
adjoining it and of uniform density and width throughout the depth of the cortex 
is a narrow zone of intense finely granulated degeneration 200 to 300 um in width 
on each side. There is then a sudden sharp decrease in the degeneration and beyond 
this the appearance of the fibre and terminal degeneration varies in the different 
layers. In layer I there is fine degeneration and horizontally disposed fragments 
gradually diminishing in amount over 1 to 2 mm on each side of the lesion. In all 
other layers there is a moderate degree of terminal and fibre degeneration over the 
same distance. Fibre fragments are disposed at all angles, some of which may be 
traced in continuity for distances of one or more millimetres, especially those dis- 
posed horizontally or obliquely in layer V ; the size of these fragments varies, some 
being quite coarse. 

At the junction of layers II and III there is degeneration of fine fibres which are: 
arranged horizontally (fig. 4c). More deeply, from the level of layer IV to just below 
the Betz cells there is another band of horizontal degenerating fibres which are 
larger than those at the boundary of layers II and III. They extend for a short 





vi 


ктө. 2. Fibre and terminal degeneration on a section adjoining that in fig. 1 and in which only a small part 
of the lesion 1s still present. The degenerating efferent fibres passing through layers V and VI are orientated 
parallel to each other and restricted to the width of the lesion and dense degeneration. For abbreviations see fig. 1 
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distance further than the degeneration in other layers and have a close relationship 
to the Betz cells (figs. 58 and с, 6A and в) and to the large pyramidal cells in the 
deep part of layer III. In the deeper parts of layer V the fibre fragments are again 
mainly arranged horizontally. Apart from these plexi of horizontally degenerating 
fibres the intensity of the terminal and fibre degeneration appears to be the same 
throughout the depth of the cortex. On the sections containing the electrode track 
the degeneration extends further anteriorly (2-75 mm) than posteriorly (1-75 mm), 
but on adjoining sections this asymmetry is less marked and the extent of the 
degeneration diminishes. On sections adjacent to the track a new feature is the 
presence of vertically disposed degenerating fibres extending from layer IV through 
to the white matter (fig. 48). They form a conspicuous band at precisely the antero- 
posterior level of the lesion and of the same width as the zone of dense degeneration, 
approximately 500 to 600 um wide. On sections progressively further from the 
lesion the degeneration decreases and it is difficult to be certain of its precise extent 
in the mediolateral dimension. 

In the two experiments in which the tip of the electrode алена а the white 
matter for 0-5 to 1-0 mm there was no appreciable difference in the intensity and 
distribution of the degeneration within the cortex, no doubt due to the minimal 
involvement of afferent fibres. 

Apart from an occasional obliquely disposed degenerating fibre in the deeper 
layers, some of which can be traced into the white matter, there is no separate focus 
of appreciable degeneration in area 4 but definite degeneration can be seen in 
restricted bands in areas 1 and 2 of the somatic sensory cortex at the level of the 
lesion. The cortex of area 6 has not been systematically studied for projections 
from area 4. 

In one of the penetrations made obliquely to the surface the track reached to 
just below the Betz cells close to the bank of the central sulcus (fig. 7A). Superficial 
and deep to the track there is dense granular degeneration for a few hundred 
microns and there is a moderate degree of fibre and terminal degeneration within 
a few mm. Degeneration in the horizontal fibre bands appears throughout the 
sections, but because the damage appears at different depths on adjoining sections 
the maximal degeneration in these bands is seen on different sections when the 
damage is at that level. The most important feature of the fibre degeneration is 
the obvious arrangement of many of the fragments in distinct rows perpendicular 
to the surface and corresponding to the bundles seen in normal material. These are 
present superficial and deep to the track, and more anteriorly are vertically disposed 
but at the bank of the sulcus become progressively oblique with the increasing 





Fic. 3. a, B, The microelectrode lesion passing perpendicularly through the cortex shown їп fig. 1 photographed 
on adjoining sections under dark field illumination. Bar — 500 um. c, Part of the section shown in B at a higher 
magnification to illustrate a long length of a horizontal fibre at the level of the Betz cells. Bar = 250 um. p, The 
lesion and immediately surrounding dense degeneration and fibres radiating ш a tangential section of area 4, 
under dark field illumination. Bar — 100 um. All photomicrographs shown in the plates have been taken from 
area 4 within 2 mm of the lesion and the sections have been stained by the Wiitanen (1969) method. 
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curvature of the cortex. In the Wiitanen sections these bundles of fragments lie 
between the adjoining rows of pyramidal cells separated by intervals of about 
50 um. The number of such vertically arranged fragments passing down through 
layer V increases close to the bank of the central sulcus underneath the deepest 
part of the lesion. A similar oblique penetration passing more superficially through 
the cortex of the anterior bank of the central sulcus does not extend deeper than 
layer Ш and the degeneration in the deeper layers, both horizontal and vertical, 
is much less than when the electrode has involved these layers directly (fig. 78). 

That the restricted extent of the degeneration found after microelectrode lesions 
is not due simply to the narrow and limited damage caused by the microelectrode 
is indicated by the findings after larger lesions made by inserting a needle. The 
damage is in the form of a wedge 1 to 2 mm in size and reaches to layer VI. The 
pattern and extent of the terminal and fibre degeneration are essentially the same 
as after a microelectrode track but the density is slightly greater close to the 
immediate damage. In some brains the microelectrode was driven into the cortex 
without current being passed, and the lesions and degeneration are indistinguishable 
from those made with the passage of current. 

Similar lesions were studied in coronal sections, but because the sections were 
cut at varying degrees of obliquity to the electrode track the damage at different 
depths appeared on separate sections. In all respects but one the degeneration is 
the same as in the sagittal sections, and the difference is related to the horizontal 
fibres close to the Betz cells. For a width of 500 um on either side of the dense 
degeneration these are similar in number and appearance to those found in the 
sagittal sections, but at this point there is a sudden diminution with only an 
occasional fragment present beyond. The long fragments which can be traced over 
a distance of a few millimetres at this depth in the cortex in sagittal sections are not 
seen. The degeneration does not extend beyond that found in the more superficial 
and deep layers, and it is the same on either side of the lesion. This difference in the 
extent and symmetry of the horizontal fibre degeneration in relation to the Betz 
cells in the sagittal and coronal planes has been confirmed in a planar reconstruc- 
tion from measurements of its maximal extent in all of the sections in which it could 
be identified (fig. 8). The degeneration is maximal on sections through the lesion, 
its total extent in the sagittal plane is greater than in the coronal and it is asym- 
metrical anteroposteriorly but not mediolaterally. The anteroposterior extent of 
the degeneration can only be determined with certainty in the sagittal sections and 
the mediolateral extent in the coronal sections. A composite of the reconstructions 





Fic. 4. a, The predominantly radial arrangement of the fibres in layers V and VI of the normal cortex of area 4. 
A small number of fibres can be seen passing horizontally through layer V. Ваг = 100 um. в, Bundles of degenerat- 
ing fibres passing perpendicularly through layers V and VI following a microelectrode lesion. Note the similarity 
in the arrangement of these degenerating fibres to those in the normal cortex, and in both normal and experimental 
material the spacing of the fibre bundles at approximately 50 um between vertical rows of nerve cells. Bar = 
100 um. c, Degeneration of the fibres in the horizontal plexus at the boundary of layers П and HI For Roman 
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in these two planes would probably indicate that the tangential spread of the 
degeneration is in the shape of an ellipse, with its long axis directed antero- 
posteriorly. This interpretation is confirmed in sections cut tangential to the 
surface of the cortex (fig. 9). The electrode track appears as a clear hole 100 шт 
across and is immediately surrounded by a cuff of glial cells outside which there 
is a circular zone of dense fine degeneration 200 to 300 um wide (fig. 3p, fig. бс). 
The fact that the degeneration is outside this glial cuff indicates that it is not due 
to direct damage arising from the passage of the electrode. Beyond the zone of 
dense degeneration in the superficial layers there is a moderate degree of terminal 
degeneration for 1 to 2 mm but few fibre fragments. At the level of the Betz cells 
coarse fibre fragments appear (fig. 10) and these are aligned predominantly in the 
anteroposterior dimension and extend for 1 to 2 mm further in this dimension than 
mediolaterally. In the deeper parts of layers V and VI there are less degenerating 
fibres which are not as coarse as those at the level of the Betz cells. 

Another group of lesions, in which the damage does not extend through the full 
depth of the cortex, has given further information about the laminar origin of some 
of the intrinsic connections of the cortex. Although no specific lesion is restricted 
to layer I, in a few sections at sites quite distinct from lesions, small foci (around 
500 um) of fine granular degeneration are present in this layer. A few fibres pass 
sideways from the principal focus but no degeneration is seen deep to layer I. 
These foci are probably due to slight ischaemia caused by spasm of fine vessels. 

A localized area of damage restricted to layers I and II is surrounded by fine 
degeneration for 1 to 2 mm and on its deep aspect a few fragmented fibres pass 
down into the superficial part of layer III but no degeneration can be seen deeper 
than this level. 

When the damage extends deeper to involve the superficial half of layer III the 
pattern of degeneration is completely different. In layers I and П there is fine fibre 
and terminal degeneration on either side, and in layer III the fragments are coarser 
and are interspersed amongst a moderate degree of granular degeneration. At the 
junction of layers II and III the horizontal plexus of fine interweaving degenerating 
fibres is clearly seen. Below the lesion in the deep half of layer IH there are more 
fragments and some are orientated perpendicularly and can be traced down 
between the Betz cells into layers V and VI and into the white matter. At the level 
of the Betz cells there are a few horizontal fragments of coarser fibres and the 
arrangement of these two sets of fibres at right angles to each other is clear because 
of the relative absence of any background degeneration. In addition to the vertically 
orientated fibres in layers V and VI there are some obliquely and transversely 








Fic. 5. a, Fine degenerating fibres passing vertically around the soma of a Betz cell in layer V after an electro- 
lytic lesion in the cortex. B, Horizontal plexus of degenerating fibres at the level of the Betz cells (arrows). The 
density of degeneration is greater on the left half of the figure, closer to the electrolytic lesion. c, Degeneration 
of the horizontal fibres around Betz cells (arrows); the plexus is somewhat obliquely disposed as a result of dis- 
tortion by the adjoining lesion. Bars = 50 um. 
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directed fibres. In all layers the degeneration does not extend more than 1 mm or 
so from the edge of the lesion and it is appreciably less dense than after penetrations 
into the deeper layers. The vertically orientated fibres passing down to the white 
matter occupy a restricted zone about 500 uum wide beneath the lesion. Lesions 
which extend as narrow tracks through the depth of layer HI but stop immediately 
above the Betz cells cause degeneration which is the same as when only the super- 
ficial part of layer Ш is involved, except that there is a definite increase in the 
number of coarse fibre fragments arranged horizontally at the level of the Betz 
cells. Some of these pass downwards and sideways from the tip of the track. Several 
lesions extend deeply into layer V below the Betz cells, and this additional damage 
is accompanied by an increase in the amount of degeneration in layers ПІ and V 
so that the appearance is essentially that of a full depth lesion. The number of 
vertically orientated fibres deep to the lesion is considerably greater than after 
lesions restricted to layer III and these can be traced through layer VI to the white 
matter. These fibres are confined within a strip of the same width as the dense 
degeneration above them. In layer VI there are some fragments and terminal 
degeneration irregularly arranged. 

It has not been possible to make focal lesions virtually restricted to a particular 
lamina because passage of the electrode by itself resulted in appreciable degenera- 
tion. Some of the electrode tracks happened to be cut obliquely with successive 
portions on adjoining sections, and to all intents and purposes these could be 
considered as individual laminar lesions. Certain features are common to all of 
them: the width and appearance of the dense fine degeneration in the immediate 
vicinity of the track is the same all round; frequently there is little, if any, degenera- 
tion in the layers superficial and deep to the damage, and the fibre and terminal 
degeneration which is present in the immediate vicinity has the characteristics 
found at that level in sections in which most of the length of the track is present, 
a good example being the degeneration of an appreciable number of horizontal 
fibres at the level of the Betz cells found only when the damage is at that site ; radially 
orientated degenerating fibres are invariably restricted to the width of the zone of 
dense degeneration and are coarser and more numerous on the deep aspect of 
the lesion. 

The electrode was sometimes introduced close to the precentral dimples and 
arcuate sulcus at the anterior margin of area 4 or immediately in front of the central 
sulcus, with the intention of penetrating the cortex buried in the walls of these 
sulci. In one of these the electrode entered the cortex immediately posterior to the 
medial end ofthe anterior subcentral sulcus in the face region of area 4. In the sagittal 
sections the track passes vertically through the entire depth of the cortex of area 4 
on the exposed surface and is slightly oblique to the radial organization of celis 





FiG. 6. ^, B, Degeneration of fibres in the horizontal plexus at the level of the Betz cells. Small arrows point 
to fibres passing horizontally in each photomicrograph and large arrows to Betz cells with degenerating fibres 
in close proximity to them. c, Microelectrode lesion in a tangential section of the cortex with a cuff of glial ceils 
(arrow) immediately surrounding the damage, and outside this the zone of dense degeneration. Bars = 25 ит. 
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Fic. 7. The fibre and terminal degeneration in sagittal sections resulting from oblique penetrations. In the 
top figure the track passes deeply into layer V and in the lower it remains in the superficial three layers. For 
abbreviations see fig. 1. 


and fibres (fig. 11). It reaches layer VI at the point when the cortex is turning sharply 
to form the posterior wall of the sulcus and from this point it remains at the same 
depth in the cortex, running tangentially through layer VI. At the bottom of the 
sulcus the track continues on for about a millimetre into the underlying white 
matter. The entire extent of the lesion is within area 4 as Betz cells can be traced 
uninterruptedly to just in front of the fundus of the sulcus. In the cortex of the 
exposed surface, the features and extent of the degeneration are the same as with 
a full depth lesion. The horizontal degenerating fibres at the level of the Betz cells 
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Fic. 8. Planar reconstructions of the maximum spread of horizontal fibre degeneration at the level of the 
Betz cells after a microelectrode lesion (large dot) as seen in sagittal sections (/eft) and coronal sections (righi). 





For abbreviations see fig. 1. 





Fic. 9. The distribution of the fibre and terminal degeneration in tangential sections of the cortex; on the 
left is shown the degeneration at the level of layer П and on the right at the level of the Betz cells, the outlines of 


which were traced and filled in solid black. For abbreviations see fig. 1. 
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Fic. 11. An electrode track passing perpendicularly through the cortex on the lateral surface and continuing 
into the posterior wall of the precentral dimple where it passes tangentially through layer VI. For abbreviations 
see fig. 1. : 


reach anteriorly to the point in the bank of the sulcus which is perpendicularly in 
line with where the track reaches layer VI. In the wall of the dimple the pattern of 
degeneration is distinctly different, with the degenerating fibres being radially 
orientated in contrast to the predominantly horizontal disposition on either side 
of the perpendicular part of the track. Superficial to the track numerous fragments 
are in rows perpendicular to the surface, and these pass up to the level of the Betz 
cells where they suddenly diminish in number. An occasional fragmented fibre 
continues perpendicularly into layer III and some become obliquely disposed. 
Fine granular degeneration is present in most layers and is heaviest in the deep 
half of layer III, in layer IV and the superficial part of layer V. In layer VI deep 
to the lesion there is also heavy fibre and terminal degeneration, most of which is 
also arranged in rows at right angles to the surface. Conspicuous by their absence 











Fic. 10. A, Microelectrode lesion (large arrow) in a tangential section at the level of the Betz cells (small arrows). 
B, C, Parts of A at higher magnifications. B is close to the lesion with dense degeneration in the left half of the 
figure and degenerating fibres radiating beyond this, in € 1s shown a long length of a degenerating horizontal fibre. 
Bars = 50 um 
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are the bands of horizontally arranged fragments at the junction of layers II and III 
and at the level of the Betz cells. The only horizontally arranged degeneration is 
in layer VI close to the bottom of the sulcus where rows of fragments sweep forward. 
In the immediate vicinity of the track a few degenerating neurons are intensely 
stained giving an appearance similar to Golgi-impregnated cells. Rows of frag- 
ments representing the degenerating apical dendrites of these cells are interspersed 
amongst the degenerating axons and can readily be distinguished by their coarser 
size. This experiment combines a perpendicular and tangential lesion in immediately 
adjoining parts of area 4 and shows the pattern of fibre distribution in two dimen- 
sions of the cortex, vertical and tangential, and it also provides evidence that the 
fibres in the horizontal plexuses are predominantly intrinsic to the cortex. — 

In several vertical penetrations through the anterior bank of the central sulcus 
to various depths in the anterior wall of the sulcus and into the posterior bank and 
wall of the arcuate sulcus, the features of the degeneration were similar. Because 
of the marked curvature of the cortex in both the anteroposterior and mediolateral 
dimension at the banks of these sulci the degree of obliquity of the radial degenera- 
tion changes rapidly with increasing depth of the track. In some experiments the 

: part of a track extending from the surface to layer. V was present on one section 
with no radial degeneration in the layers deep to it, but a few sections away when 
the damage was no longer present the radial degeneration in the deep layers appears 
and is parallel and between the cell columns which are arranged literally radial to 
the curving arc of the cortical surface. 

In that part of the representation of the distal forelimb in the depth of the 
anterior wall of the central sulcus the cortex does not show such a pronounced 
radial arrangement of the cell columns as on the exposed surface, but the arrange- 
ment of the intrinsic fibre connections appears to. be the same as in the other 
parts of area 4. 


DISCUSSION 


The intrinsic fibre connections of area 4 appear to be limited to within a few 
millimetres of their origin and in both their pattern and extent are similar through- 
out the motor cortex irrespective of the topographic representation. In most of 
their features the intrinsic connections of area 4 and of area 17 of the visual cortex 
(Fisken et al., 1975) are similar, which would suggest that they are organized upon 
a common principle. The measurements of the extent of these connections in the 
present histological material are of the same order as those made upon the extent 
of the motor cortex related to individual spinal motoneurons or muscles in electro- 
physiological experiments. 

The dense finely granular degeneration present in all layers for approximately 
200 to 300 um on all aspects of the lesion is an indication of the distance over which 
the cortical neurons are strongly interconnected. The fact that the width and 
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appearance of this degeneration was constant in all layers and parts of the cortex 
with different types of lesions and whether or not a current was passed supports 
the interpretation of the granularity as being indicative of neuronal interconnec- 
tions rather than simply a reflection of direct damage. This is further supported by 
the appearance in tangential sections of a distinct cuff of glial cells separating the 
electrode track and the dense degeneration. The dense degeneration stops suddenly 
and beyond it there is a moderate degree of fibre and terminal degeneration for 
2to 3 mm. Throughout most of the superficial layers there are few fibres and these 
are fine but in the deeper layers they are more numerous and coarser. At the 
junction of layers II and III and in layer IV there are accentuations of the horizontal 
fibres into distinct bands and the latter forms one of the most prominent features 
of the degeneration. The extent of this degeneration in the sagittal plane is the 
maximum seen for degeneration in any layer, and the close relationship to the Betz 
cells suggests a functional relationship. Throughout the rest of layer V there are 
a number of degenerating fibres arranged horizontally and sometimes these are 
accentuated near its deep margin, perhaps forming an inner band of Baillarger. 
The fibre degeneration after a narrow vertical lesion indicates the pattern and 
extent of the fibre connections spreading out from the damaged part of the cortex 
to influence other neurons within these limits, but these neurons are also receiving 
similar horizontal connections from other cells within a radius of a few milli- 
metres in any direction. 

These findings after perpendicular lesions through the whole depth of the cortex 
provide information mainly about the horizontal distribution of the intrinsic 
connections. Information on the vertical arrangement and laminar origin bas been 
obtained from penetrations which either did not pass perpendicularly through the 
full depth of the cortex or which passed obliquely to the surface. If the damage is 
restricted to layers I and II the degeneration is also confined mainly to these layers 
with only a few fibres extending into the superficial part of layer III. With additional 
involvement of layer III degenerating vertical fibres pass down through the deeper 
layers and are restricted to the width of the lesion and the dense degeneration 
around it. At the level of the Betz cells there are a few coarse fibres passing hori- 
zontally, and in layers V and VI there are some transverse and obliquely degenerat- 
ing fragments, indicating that layer HI is sending fibres to layers V and VI as well 
as a small number into the white matter. The number of the vertically orientated 
fibres entering the white matter increases with involvement of layers V and VI, 
showing that most of the efferent fibres of the cortex probably arise from these 
layers, but they always remain restricted to essentially the width of the lesion and 
the zone of dense degeneration around it. The degeneration of the horizontal 
fibres at the level of the Betz cells is greatest when this layer is damaged, and there 
is more intrinsic and widespread degeneration in both layers III and V when the 
damage extends down to the deepest layers, in part through axon collaterals of 
efferent fibres from cells in layer V as well as short connections from cells in this 
layer. When the electrode passed tangentially for some distance in layer VI there 


532 К C. GATTER AND T. P. S. POWELL 


were no degenerating horizontal fibres in layer IV superficial to the damage, 
indicating that most if not all of these fibres arise within the cortex. 

The restricted extent of the vertically disposed fibres after perpendicular pene- 
trations indicates that their course within the cortex is perpendicular with respect 
to their cells of origin. Penetrations oblique to the cortex confirm this finding and 
show that it is also true for the incoming afferent fibres to the cortex; the degenerat- 
ing axons both superficial and deep to the lesion are regularly arranged between 
the columns or rows of cells at intervals of approximately 50 um. With these oblique 
‘penetrations the extent of the dense fine degeneration both superficial and deep 
to the damage was approximately 200 to 300 um—the same as on each side of the 
vertical lesions. The short intrinsic cortical axons appear to be distributed pre- 
dominantly horizontally and within their laminz of origin, although some pass 
obliquely between laminz, particularly interconnecting layers ПІ, V and VI. Many 
of these obliquely disposed fragments represent degenerating collateral branches 
of efferent axons and terminal branches of afferent fibres, and the extent of the 
degeneration conforms with measurements of these processes in Golgi material— 
1 mm for the intracortical branching of thalamocortical fibres (Asanuma, Fer- 
nandez, Scheibel and Scheibel, 1974) and 3 mm for the spread of axon collaterals 
(Scheibel and Scheibel, 1970). 

These basic features of the organization of area 4 have also been found in areas 
as different, structurally and functionally, as area 17 (Fisken et al., 1975), the 
first somatic sensory cortex (Vogt and Pandya, 1978; Shanks, Pearson and 
Powell, 1978) and area 5 of the parietal lobe (unpublished observations) of the. 
same species, and in the visual cortex of the cat (Creutzfeldt et al., 1977). There 
are, however, certain differences and, as would be expected from the cytoarchi- 
tecture, these are mainly related to layer IV and the outer band of Baillarger which 
are so well developed in area 17 and are at their minimum in area 4. The number 
of horizontal fibres at this level in area 4 is much less than in area 17 and the 
asymmetry and total extent of this fibre degeneration was not as obvious as in 
area 17. In the motor cortex, outside the 200 to 300 um zone of fine degeneration, 
the density of the fibre and terminal degeneration was also less than in area 17. 
In area 17 the horizontal extent of the terminal degeneration in layer IV was 
limited to within 200 to 300 um but in the motor cortex it was difficult to be certain 
that this was so, partly because layer IV is so narrow and also because the line of 
Betz cells and associated fibre fragments was irregular. Degeneration restricted 
to a separate inner band of Baillarger deeper in layer V was also not as obvious 
in area 4 as in visual cortex as fragmented horizontal fibres were present through 
the depth of this layer. The plexus of fine fibres at the junction of layers II and III 
seen clearly in the motor cortex had no counterpart in area 17. 

It has been suggested that in the visual cortex 'the stria is a concentrated band 
of fibres which is closely related to the cells receiving the afferent fibres from the 
thalamus and that it may be considered as one of the first intracortical connections 
underlying the processing of information’ (Fisken et al., 1975). A clue to the pos- 
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siblesignificance of the comparable horizontal fibres in the motor cortex is provided 
by findings from Golgi studies (Cajal, 1911; Marin-Padilla, 1969, 1970) in which 
similar fibres, a millimetre or more in length and with a predominantly sagittal 
orientation, have been described. These axons arise from stellate cells in layers II, 
III and IV, are concentrated in horizontal plexuses at the boundary of layers II and 
III and in layer IV, and terminate in dense pericellular baskets around the somata 
of the large pyramidal cells above and below them in layers III and V. In the visual 
cortex the horizontal fibres in the stria of Gennari are between the laminz in which 
the geniculocortical fibres terminate (Hubel and Wiesel, 1969, 1972; Garey and 
Powell, 1971) and it is probable that the majority of them arise and end within these 
laminz (Fisken et al., 1975). In the motor cortex the afferent fibres from the 
thalamus terminate in the deep half of layer III, in layer IV and the upper part of 
layer V (Sloper, 19735; Strick and Sterling, 1974) and so there is again the same 
relationship of the horizontal fibres in layer IV with the thalamocortical fibres. 

In both areas electron microscopic studies have shown that the thalamocortical 
fibres end upon the dendrites and somata of stellate neurons and have provided 
some evidence for a termination upon the apical dendrites of pyramidal cells 
(Sloper, 19735; Strick and Sterling, 1974; Winfield and Powell, 1976). There is 
electrophysiological evidence for antidromically identified pyramidal tract neurons 
(PTN) and interneurons at the same cortical level in area 4 being monosynaptically 
excited upon stimulation of the ventrolateral nucleus of the thalamus (Amassian 
and Weiner, 1966; Yoshida, Yajima and Uno, 1966; Stone, 1973) and also that 
some of these interneurons in turn are inhibitory to the PTNs (Stefanis, 1969; 
Stone, 1973); from electron microscopic studies it would seem likely that some 
of the symmetrical axon terminals on the somata and dendrites of pyramidal 
neurons in layer V are from stellate cells (Sloper, 19735). It has been suggested that 
the horizontal fibres in layer IV ofthe visualcortex are interconnecting independent 
groups of neurons in receipt of geniculocortical afferents (Fisken et al., 1975) and 
the same appears to be true in area 4. As two distinct types of neurons are involved 
in area 4, the stellate or interneuron and the pyramidal, it might be reasonable to 
suggest now for both areas, in view of all the other similarities in their intrinsic 
organization, that the horizontal fibres in layer IV form a connection, inhibitory 
in function, between an interneuron and an output cell which are both receiving 
a direct input from the thalamus and which may be separated from each other by 
up to 2-3 mm. Whether the same correlations can be made for the horizontal fibres 
at the level of layers II and III and in the deeper part of layer V remains to be 
determined. This interpretation of the evidence suggests a basic similarity in the 
organization and function of the horizontal fibres in the visual and motor areas, 
but the obvious differences between the areas must also be taken into account. 
In area 17 layer IV and the horizontal fibres forming the stria of Gennari are 
maximally developed, probably in relation to the processing of sensory informa- 
tion, whereas in area 4 it is the pyramidal cell layers (III and V) which have increased 
relatively, with layer IV barely distinguishable. 
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Electrical stimulation of.the cortex has been used extensively to analyse the 
influence of the motor cortex upon movement and essentially two methods have 
been used, surface stimulation with focal electrode and weak intracortical micro- 
stimulation. In both of these methods the pyramidal tract cells may be influenced 
by direct electrical excitation, with which we will not be concerned in this dis- 
cussion, and with surface stimulation the effects of such direct activation of 
РТМ сар be differentiated from indirect synaptic activation. With the weak current 
used in intracortical microstimulation it was initially considered that most of the 
effects were due to direct activation of the cells (Asanuma, Stoney and Abzug, 
1968; Stoney, Thompson and Asanuma, 1968) but, as Jankowska, Padel and 
Tanaka (1975a) found that the effects of such stimulation are mainly indirect they 
concluded that *. . . the final functional interpretation of the effects of the intra- 
cortical stimulation will depend greatly on the network of the intracortical con- 
nections’. It is probably reasonable to assume that the extent of the degeneration 
of intracortical fibres found in the present experiments is of the same magnitude 
as the distance over which intracortical stimulation would have its effects and 
even that the present measurements may be an underestimate because micro- 
stimulation might activate cells and fibres slightly beyond the zone directly 
damaged by our lesions. In attempting to relate the histological findings with those 
obtained by electrical stimulation of the motor cortex one must be cautious because 
apart from the lack of information about the synaptic organizations within the 
cortex, there are many obvious gaps in our knowledge: the cells of origin of the 
different fibres; the inability to distinguish between short axons of interneurons, 
collateral branches of efferent and terminal branches of afferent fibres, and the 
types of synapses made and the parts of the neuron upon which these end. 

With these qualifications the anatomical observations are in striking agreement 
with the electrophysiological findings of Asanuma and Rosén (1973) upon the 
spread of mono- and polysynaptic connections in the motor cortex of the cat. 
These authors recorded postsynaptic potentials evoked in cortical cells in response 
to microstimulation with 4 „A, and found that the majority of the cells mono- 
synaptically influenced were within 400 um horizontally from the site of stimulation 
(their fig. 7) and that polysynaptic effects were much wider for up to 1200 um. 
The cells being influenced monosynaptically are probably those within the zone 
of dense degeneration and normally in receipt of numerous interconnections. 
Monosynaptic effects were not found beyond this point, possibly because the 
connections are considerably more sparse but polysynaptic effects may be occur- 
ring over this distance through convergence. The fact that Asanuma and Rosén 
(1973) found postsynaptic potentials in only one-third of the cells from which 
intracellular recordings were obtained may be due to the celis receiving fibres not 
only from neurons close to the stimulating electrode but also from cells in all other 
directions within a radius of a few mm. Stimulation of the superficial cortex down | 
to 0-7 mm resulted in monosynaptic responses most of which were within the same 
depth or only slightly deeper, which would be in accord with the histological 
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findings that damage of layers I and II did not result in degeneration extending 
more deeply than layer III; polysynaptic responses after stimulation in these layers 
were found in the deeper layers in agreement with the finding of degeneration in 
layers V and VI after lesions extending into layer III, the cells of origin of these 
fibres having received a synapse from cells in layers I and II. The present experi- 
ments have emphasized the horizontally disposed fibre fragmentation at the level 
of the Betz cells and stimulation in these middle layers of the cortex resulted in 
both mono- and polysynaptic responses predominantly at this and slightly deeper 
levels. Stimulation of the deeper layers of the cortex resulted in the majority of the 
responses being in the superficial layers and because this was not found with 
stimulation of the intermediate layers Asanuma and Rosén (1973) considered that 
the 4 uA stimulation excited cell bodies rather than myelinated fibres. Further 
support for this interpretation would be that all incoming fibres terminate in 
asymmetric, presumed excitatory, terminals whereas the majority of these mono- 
synaptic responses in the superficial layers was inhibitory. These findings of post- 
synaptic potentials mainly in the superficial layers upon stimulation of the deeper 
layers would be in accord with histological observations of increased degeneration 
in layer III after involvement of the deep layers, and as Asanuma and Rosén (1973) 
mention, some at least of the excitatory effects could be through axon collaterals 
of pyramidal cells. The fact that these electrophysiological experiments were done 
in the cat and the present studies in the monkey does not invalidate these correla- 
tions as essentially the same pattern of degeneration after intracortical lesions is 
found in the cat (Creutzfeldt et al., 1977; our own unpublished observations). 

It has been possible to make certain functional correlations with the spread of 
the intrinsic connections in the horizontal dimension and it would be expected that 
the equally clear pattern in the vertical dimension would reflect some functional 
properties of the cortex. The clear columnar arrangement of the cells together with 
the strictly perpendicular disposition of the fibres at a regular spacing of approxi- 
mately 50 um is probably the basis for the columnar organization of neurons with 
the same peripheral receptive fields in the cat (Welt, Aschoff, Kameda and Brooks, 
1967) and monkey (Rosén and Asanuma, 1972). Welt et al. (1967) considered that 
cells with receptive fields in the same part of the body surface were arranged in 
radially orientated arrays and that ‘the mean cross column distance within which 
adequate stimuli were similar was only 50 um for each type of stimulus’, and Rosén 
and Asanuma (1972) that ‘the cells, driven by peripheral stimulation, are sparsely 
scattered in radial columns’. 

The degenerating vertically arranged fibres superficial and deep to a perpen- 
dicular or localized lesion are always restricted to a narrow zone (approximately 
0-5 to 1-0 mm diameter) equivalent in width to that of the dense granular degenera- 
tion. The degenerating fibres which are deep to the damage are mainly efferent 
fibres, and as they arise only from within the zone of dense degeneration and pass 
in a strictly radial direction it would seem that this extent of cortex is the anatomical 
equivalent of the efferent zones for a given movement which have been shown by 
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intracortical microstimulation to be of the same size, | mm or a little less, columnar 
in shape and distributed along the direction of the radial fibres (Asanuma and 
Rosén, 1972). The number of degenerating axons entering the white matter 
increased with damage of layers V and VI which agrees with the conclusion from 
microstimulation experiments that the probability of producing a motor effect 
was highest in layer V (Asanuma and Rosén, 1972; Andersen et al., 1975). As many 
of the degenerating fibres superficial to the damage are afferent to the cortex and 
as the zone of dense degeneration represents an extent of cortex which is densely 
interconnected, it is also likely that with respect to its extrinsic afferent and efferent 
connections a vertical cylinder through the cortex of this dimension corresponds 
to the input-output zone of 1 mm or less described by Rosén and Asanuma (1972). 
These authors found that the cells within a low threshold efferent zone were 
activated by stimulation of the skin, muscles and joints within a region closely 
related to the movement elicited by intracortical stimulation of that zone, and from 
the joints and muscles taking part in the movement; just as the degenerating 
efferent fibres from the cortex have been found to arise only from within the zone 
of dense degeneration, the afferent fibres from the thalamus have been shown to 
branch over the same horizontal extent of 1-0 millimetre (Strick, 1973; Asanuma et 
al., 1974). However, these zones cannot be discrete and independent, (Lemon, 
Hanby and Porter, 1976) because although a cell in the middle of such a cylinder 
will be strongly related to cells within 0-5 mm in any horizontal direction, cells 
nearer the edge of the cylinder will be similarly related to neurons progressively 
further away. One has therefore a series of overlapping input-output or lowest 
threshold zones (Andersen, Hagan, Phillips and Powell, 1975). It is probable that 
this zone of dense degeneration and the related group of efferent fibres also 
corresponds to the smaller colonies or “best points’ of Landgren, Phillips and 
Porter (1962) and the maximum projection areas ‘of Jankowska et al., (1975b) 
defined with surface anodal stimulation and with the lowest threshold cores to 
intracortical stimulation of Andersen et al., (1975). 

The less severe degeneration which extends over a distance of a few millimetres 
represents intrinsic fibre and axon collateral connections which must provide the 
basis for further overlap and functional interrelationships, although progressively 
less marked, between adjoining cells in the cortex. The extent of this degeneration 
and its asymmetrical distribution corresponds with the measurements of the 
colonies of cortical neurons projecting upon individual spinal motor neurons 
determined by anodal stimulation of the surface of the cortex (Landgren, Phillips 
and Porter, 1962; Asanuma and Rosén, 1972; Jankowska et al., 19756), and the 
aggregations of colonies found on intracortical stimulation by Andersen et al. 
(1975). In other words, it would seem that the intrinsic fibre connections spread 
over the distance which includes the cells projecting directly to one motoneuron. 
The presence of intrinsic connections extending over this distance might also 
explain the overlap of neurons related to different muscles which has been found 
by all these workers. With regard to the influence of area 4 upon the spinal cord, 
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the experiments using electrical stimulation suggest that there are two functional 
zones of cortex, one of 0-5 to 1-0 mm and another of a few millimetres in extent, 
and in the case of each of these there is overlap between different muscles (Jan- 
kowska et al., 1975b). Anatomically, the connections are also organized in two 
distinct ways which differ both in intensity and extent: within an extent of 0-5 to 
1-0 mm there are dense horizontal intrinsic connections together with the origin 
and termination of the radial efferent and afferent fibres, and over a radius of 
a few millimetres there are fewer intrinsic connections together with the axon 
collaterals of efferent fibres. To what extent these two patterns of anatomical 
connections form the basis of the two functional zones is uncertain, but they do 
indicate that although the neurons within a vertical cylinder of 0:5 to 1-0 mm 
radius may form a functional column, no groups of cells can be functionally 
independent of other cells within the adjoining few ram of cortex. Variation in 
the functional activity of these intrinsic connections due to previous stimulation 
of the same or adjoining region of cortex is probably the basis of the variation of 
the details of the response to surface stimulation, as suggested by Leyton and 
Sherrington many years ago (1917). 

Landgren et al. (1962) found that when the threshold surface-anodal current 
required to excite directly a single pyramidal cell was plotted against distance from 
the lowest threshold point on the cortex for the same cell, the spread of the curves 
was wider in the mediolateral direction than anteroposteriorly and there was slight 
asymmetry in each direction. As these authors considered that no physiological 
or synaptic spread was involved in these measurements no clear correlation can be 
made with the present findings, but it is significant that experiments with such 
different techniques have both shown a difference between the organization along 
the anteroposterior and mediolateral dimensions of the cortex and it would be 
important to determine if there is a relationship between the anatomical and 
functional observations. 

As the strictly intrinsic axonal connections appear to be disposed predominantly 
in the horizontal dimension and the vertical axons are mainly those of the afferent 
and efferent pathways, it is perhaps worth emphasizing that the neuronal processes 
which do form links between the different layers of the cortex are the apical and 
basal dendrites of the pyramidal cells; a pyramid in layer III could be influenced by 
axon terminals in the superficial four layers of the cortex, and one in layer V by 
terminals in all layers. 

There are marked similarities in the pattern and extent of the fibre degeneration 
after intracortical lesions in the visual and motor areas, and functional correlations 
have been suggested for each of these areas. The importance of the column in the 
sensory areas has usually been discussed in relation to the processing of afferent 
information from the sensory receptors, while the role of those in area 4 has been 
considered mainly in relation to its efferent influence on muscles. In each of these 
areas, however, the column contains both efferent (pyramidal) and interneuronal 
cells in the same proportions, approximately two-thirds pyramidal and one-third 
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non-pyramidal (Sloper, 1973a). Thus the column in the sensory and motor area 
is both an input and an output zone, with most of the pyramids in the superficial 
layers sending fibres to the other cortical areas of the same or opposite hemisphere 
and those in the deep layers projecting to subcortical sites. In both areas the single 
cell-wide columns have been correlated with the peripheral receptive field, 
25-50 um wide (Hubel and Wiesel, 1974a) in the visual and 50 um in the motor 
cortex (Welt, Aschoff, Kameda and Brooks, 1967). In the visual cortex the 0-5 to 
1-0 mm wide zone of dense degeneration has been suggested (Fisken et al., 1975) 
as being the basis of the hyper column related to ocular dominance or orientation 
(Hubel and Wiesel, 19745) and in the motor cortex as an ‘input-output’ zone. The 
moderate degeneration over 2 to 3 mm in area 17 may represent the connections 
within the area suggested by Hubel and Wiesel (19745) to contain ‘by a comfortable 
margin the machinery it needs to analyse the region of visual field that it subserves’, 
and the question now arises whether the similar extent of cortex in the motor area 
has an equivalent function in relation to a particular part of the body. 


SUMMARY 


The intrinsic connections of area 4 of the monkey have been investigated with 
axonal degeneration methods after the placement of microelectrode lesions within 
the cortex. The fibre degeneration is restricted to within a few millimetres of the 
damage and is asymmetrically distributed in the form of an ellipse with its long 
axis anteroposteriorly. The same pattern is found in all topographic subdivisions 
of the motor cortex. There are two distinct zones of degeneration, dense fine 
terminal degeneration for 200 to 300 um all around the lesion, and a moderate 
degree of fibre terminal degeneration for a further 2 to 3 mm. The intrinsic con- 
nections are disposed predominantly in a horizontal or oblique direction and 
within the lamine of origin, but there are fibres passing between adjoining lamine 
and between layers III and V and VI. Two horizontal plexuses of degenerating 
fibres are present, at the boundary of layers II and III and at the level of the Betz 
cells, and these fibres arise within the cortex. The afferent and efferent fibres of the 
cortex are arranged strictly perpendicular to the surface. The extent and pattern 
of the intrinsic connections of area 4 are very similar to those of area 17 of the 
visual cortex. 
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AN ELECTRON MICROSCOPIC STUDY OF 
THE TERMINATION OF INTRACORTICAL 
AXONS UPON BETZ CELLS IN AREA 4 
OF THE MONKEY 


by K. C. GATTER, J. J. SLOPER and T. P. S. POWELL 


(From the Department of Human Anatomy, South Parks Road, Oxford) 


INTRODUCTION 


Ім the preceding paper (Gatter and Powell, 1978) a description was given of the 
pattern of degeneration seen with the light microscope surrounding small lesions 
in the motor cortex. A prominent feature was a plexus of degenerating horizontal 
fibres in layer IV and the upper part of layer V which extended for a few milli- 
metres and which was asymmetrically distributed, being longer anteroposteriorly 
than mediolaterally. The constituent fibres were closely related to the Betz cells 
with degenerating fragments in close proximity to the cell somata. In sections of 
human motor cortex prepared by the Golgi technique a plexus of horizontal axons 
has been described in layer IV and the upper part of layer V which is similarly 
more.extensive anteroposteriorly than mediolaterally. The axons of this plexus 
arisefrom stellatecells and terminate in dense pericellular baskets around pyramidal 
cell somata, and particularly of Betz cells (Cajal, 1911; Marin-Padilla, 1969, 1970). 
These observations suggest that the fibres make axo-somatic synapses on to Betz 
cells and this question has now been investigated using the electron microscope. 


MATERIAL AND METHODS 


: Under Nembutal anzsthesia and with aseptic precautions the precentral gyrus of the left hemisphere 
was exposed 1n one monkey. By inserting a needle at three points on the lateral surface of the gyrus 
separated by approximately 1 cm from each other, lesions were made through the depth of the cortex. 
These lesions were comparable with the largest type used in the light microscopical study. After a 
survival period of two days the animal was again anzsthetized, cooled to 25° C and perfused through the 
heart with glutaraldehyde 1 per cent and formaldehyde 4 per cent following a brief washout with buffered 
saline. The brain was removed and immersed in fixative at 4? C. 

The lesions were identified on the fixed brain and a block of cortex including each lesion was removed. 
The blocks were cut into 1 mm thick slices perpendicular to the pia and extending through the full depth 
of the cortex. Each slice contained part of the lesion with approximately 2 to 3 mm of cortex on either 
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side of it. The slices were rinsed briefly in 10 per cent sucrose in phosphate buffer, transferred to 2 per 
cent osmic acid before being dehydrated through graded alcohols (including block staining with uranyl 
acetate at the 70 per cent alcohol stage) and embedded in Epon-Araldite. One um 'thick' sections for 
light microscopy were cut from the long face of the block perpendicular to the pia, and- stained with 
a mixture of methylene blue and Azure II (Richardson, Jarrett and Finke, 1960). The lesion and the 
Betz cells in layer V could be clearly identified in these sections (fig. 14). Betz cells between 0-5 and 
2-5 mm from the lesion were selected and a mesa of approximately 1-5 mm x 0-5 mm was trimmed to 
include the deep part of layer III, layer IV and the upper part of layer V. Serial ultrathin sections were 
cut, mounted on formvar-coated 1 mm x 2 mm single hole grids and stained with uranyl acetate and 
lead citrate. The somata of the chosen Betz cells were then studied for the presence of degenerating axon 
terminals making synaptic contacts upon them. 


RESULTS 


In the light microscopic study the dense degeneration around a lesion was found 
to be restricted to about 0-25 mm in either direction whereas the degeneration in 
the fibre plexus in layer IV and the upper part of layer V extended for 2 to 3 mm. 
Betz cell somata were studied between 0-5 and 2-5 mm from the lesion, well beyond 
the dense degeneration and where there was only an occasional degenerating axon 
terminal, most of which made asymmetric synapses on to spines (fig. 1B and с). 
Several degenerating myelinated axons were present and the majority were dis- 
posed horizontally. The neuropil in this region was well preserved and similar to 
that seen in normal material. 

Betz cells identified in the thick sections could be recognized in serial ultrathin 
sections by their size and position, and in some cases it was possible to confirm their 
relationship to the lesion directly in the ultrathin sections when they were close 
enough for the edge of the damage to be included in the section (fig. 2A). Degenerat- 
ing axon terminals were found making synapses on to most of the Betz cell somata 
' even though the cells were only followed through ten to twenty serial sections 
(figs. 2 and 3). These terminals showed the typical dark type of degeneration found 
in the neocortex and various stages of degeneration from early to late were present ; 
the type of membrane specialization of the synapses made by these degenerating 
terminals was always of the symmetrical type. Some of the Betz cells received 
synapses from more than one degenerating terminal in a single section (fig. 2). 
One Betz cell was found in which the whole length of its axon initial segment and 
the first part of its myelinated axon were cut in continuity in a single section and in 
an adjoining section a degenerating terminal made a symmetrical synapse on to the 
initial segment close to its origin (fig. 4). Degenerating axon terminals making 
symmetrical synapses were also found upon the proximal parts of apical dendrites 
of the Betz cells. Although up to three degenerating terminals were found to make 
synapses on to a single Betz cell in a small number of serial sections, the majority 
of the axo-somatic synapses on these Betz cells were normal (fig. 1D). However, 
the degenerating terminals represented a considerable proportion of the synapses 
received by the somata and proximal processes of these Betz cells, far higher than 
the proportion of degenerating terminals in the neuropil surrounding these cells. 
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Fic. 1. a, Photomicrograph of a ‘thick’ section to show the relationship of two of the Betz cells (thin arrows) to 
the lesion (top right-hand corner—‘open’ arrow). Bar 100 ит. в, с, Typical degenerating terminals making 
asymmetrical synapses seen in the neuropil of layer IV. Both Bars = 0:5 m. р, A normal terminal (T) making 
a symmetrical synapse on to the soma (S) of a Betz cell. Bar — 0-5 um. Abbreviations: D — dendrite of Betz cell 
H — axon hillock of Betz cell. S — soma of Betz cell. T — axon terminal. 
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Fi. 2. ^, Electron micrograph showing the relationship of a Betz cell (short arrow) studied to the lesion (long 
arrow). It should be noted that the superficial margin of the cortex is to the left and the deep aspect to the right. 
Ваг = 50 um. B, с. D, Three examples of early degenerating terminals making symmetrical synapses on to the 
soma of the Betz cell arrowed in a. All Bars — 0:5 ит. For abbreviations see fig. 1. 
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Fic. 3. А typical Betz cell approximately 2 mm from a lesion bearing a degenerating dark terminal (arrow) а! 
the junction of a basal dendrite with the cell somata. Bar — 10 m. Inset, A higher power view of the degenerating 
terminal to show the symmetrical synapse. Bar — 0:5 jm. For abbreviations see fig. | 





Fi. 4. ^, Betz cell in which the apical dendrite, soma and axon were all cut in the same section. The axon initial 
segment is seen to arise from a basal dendrite (long arrow) and to become myelinated in the same section (short 
arrow). Bar = 10 m. в, In an adjoining serial section to A, a degenerating terminal (arrow) makes a symmetrical 
synapse upon the axon hillock (Н) just beyond its origin from a basal dendrite (D). Bar — 2 ит. c, Higher power 
view of the degenerating terminal (T) in B to show the symmetrical membrane thickenings of the synapse. Bar 
0-5 um. For abbreviations see fig. 1. 
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DISCUSSION 


In material prepared by the Golgi technique a plexus of horizontal fibres 
orientated mainly in the anteroposterior dimension has been described in Jayers IV 
and V of the human motor cortex (Marin-Padilla, 1969, 1970) and the axons arise 
from stellate cells in these layers and end as pericellular baskets around the somata 
and proximal processes of pyramidal cells. By analogy with the similar basket 
arborizations around Purkinje cell somata in the cerebellum and pyramidal cell 
somata in the hippocampus it seemed probable that the axons of these peri- 
cellular baskets in the neocortex make synapses.on to the somata and proximal 
processes of pyramidal cells (Marin-Padilla, 1969, 1970). The present electron 
microscopic evidence of degenerating terminals making symmetrical synapses 
upon the somata, apical dendrites and initial segments of Betz cells 1-0 to 1-25 mm 
from the lesion therefore supports the conclusions drawn from light microscopy 
and suggests that these synapses form a major termination of this plexus because 
there were few degenerating axons in the neuropil surrounding them. As the 
synapses on the somata and proximal processes of Betz cells are likely to have a 
powerful influence on the activity of these cells, identification of their cells of 
origin is of considerable interest. Previous studies have shown that symmetrical 
synapses persist after undercutting the cortex (Szentágothai, 1964; Gruner, 
Hirsch and Sotelo, 1974) and no symmetrical axon terminals have been shown to 
degenerate after lesions of afferent projections to the motor cortex (Sloper, 1973; 
Strick and Sterling, 1974), so it has been concluded that symmetrical axon terminals 
arise from neurons within the cortex. The horizontal plexus in layers IV and V 
does not degenerate after lesions deep to layer V (Gatter and Powell, 1978) showing 
that it consists of axons intrinsic to the cortex. Slight degeneration of these axons 
occurred after damage of the superficial layers of the cortex but only when the deep 
part of layer III and layer IV were involved was heavy degeneration of this band 
seen. The basket cell axons have the greatest horizontal spread of any cell type in 
the neocortex and the degenerating axon plexus in layer IV also extends the furthest 
after intracortical lesions. There is therefore good agreement between experimental 
studies and observations on Golgi-impregnated material that the axo-somatic 
synapses on Betz cell somata arise from an interneuron, the basket cell, that is 
found in layer IV and the adjacent parts of layers ПІ and V and whose axons run 
in a plexus at the same level. 

On the basis of close similarities of several morphological features and of 
laminar distribution it has been suggested that the basket cell corresponds to the 
large stellate cell of electron microscopy (Sloper, Hiorns and Powell, 1978). The 
terminals of thalamic, commissural and association afferent fibres to the motor 
cortex make asymmetric synapses, and a small proportion of fibres of each of 
these pathways end upon the somata and dendrites of large stellate cells while 
the majority terminate upon dendritic spines which probably arise from dendrites 
of pyramidal cells (Sloper, 1973; Strick and Sterling, 1974). Stimulation of the 
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ventrolateral nucleus of the thalamus (Amassian and Weiner, 1966) and of the 
contralateral motor cortex (Asanuma and Okuda, 1962) result in monosynaptic 
excitation of physiologically identified corticospinal cells and thalamic stimulation 
also excites interneurons (Stefanis, 1969; Stone, 1973). This excitatory effect upon 
the pyramidal cell is followed by a long lasting inhibition. From a synthesis of these 
anatomical and physiological findings it may therefore be suggested that the asym- 
metrical terminals of these afferent fibres excite both types of cells monosynaptically 
and that the delayed inhibition in adjoining pyramidal cells is mediated disynapti- 
cally through the large stellate/basket cell, its axon making symmetrical type 
synapses which have been correlated with inhibition elsewhere (Uchizono, 
1965). 

Stimulation of the corticospinal axons in the brain stem also causes an excitatory- 
inhibitory sequence of activation of pyramidal cells and excitation of nonpyramidal . 
tract neurons (Phillips, 1956, 1959; Stefanis and Jasper, 1964a, b; Brooks and 
Asanuma, 1965). These effects are most probably due to the activation of recurrent 
axon collaterals within the cortex, the early excitatory effect through direct 
synapses upon the dendrites of pyramidal cells and the pronounced and longer 
lasting inhibition through an inhibitory interneuron whose axon terminates ‘close 
to the spike generating area’ (Stefanis and Jasper, 19645). As there is electron 
microscopic evidence that axon collaterals of pyramidal cells make synaptic 
contacts with the dendrites of large stellate neurons (Sloper and Powell, 1978), it 
would seem that this cell is responsible for the inhibitory effect. Further support 
for this correlation is that the nonpyramidal tract cells or interneurons excited by 
pyramidal tract stimulation are also monosynaptically activated by thalamic 
stimulation, and the majority are situated about the same depth and in close 
proximity to the large pyramidal tract cells (Stefanis, 1969; Stone, 1973). There is 
therefore anatomical and physiological evidence for convergence of extrinsic 
afferent and recurrent axon collaterals on to an interneuron which probably has 
an inhibitory effect upon pyramidal tract cells. 

In the preceding paper the anatomical findings were discussed in relation to the 
input-output column which has been described in functional studies. Some of the 
degenerating fragments extending over a few millimetres in all layers are probably 
of axons which are excitatory, but if those in the dense plexus in layer IV arise 
from the basket/large stellate cell and inhibit Betz and other pyramidal cells, they 
could be an important mechanism for surround or pericolumnar inhibition (Brooks, 
Rudomin and Slayman, 1961; Stefanis and Jasper, 19645). As the large stellate cell 
receives afferent and recurrent collateral fibres it may inhibit surrounding cells in 
relation to both the input and output activities, and because the thalamic afferent 
and recurrent collateral axons may branch over 3 mm before a further spread of 
similar extent by the basket cell axons, the total distance affected could be several 
millimetres in all directions. This would be in accord with the observations of 
Asanuma and Okuda (1962) that an excitatory response to commissural fibre 
activation was found only upon stimulation of a precise and restricted area of the 
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SURROUND EXCITATORY SURROUND 
~#— INHIBITION ————— INPUT — ОЛРЛ ——M INHIBITION =» 


Dial 


Cortico-spinal Cortico-cortical! — Thalamus Cortico-spinal Cortico-cortical 
Commissural 
Association 


Fic 5. A schematic figure to show the connections and their functional excitatory or inhibitory influences 
based upon the collation of the results of light and electron microscopic studies of experimental and Golgi- 
impregnated material, together with the findings in electrophysiological investigations. The filled neuron їп 
layer IV with horizontally disposed axonal branches 1s the basket cell described in Golgi material and which has 
an inhibitory effect upon adjoining pyramidal cells in the deep part of layer III and the Betz cells in layer V 


cortex whereas inhibition resulted from stimulation of a much wider area surround- 
ing the site from which excitation was obtained. 

Following small lesions in area 17 of the monkey visual cortex a horizontal 
plexus of degenerating axons is found in the stria of Gennari (Fisken, Garey and 
Powell, 1975) and in many respects it is similar to that in the motor cortex: the 
fibres are relatively large with the greatest horizontal spread of degeneration, they 
arise within the cortex, mainly from layer IV, and they terminate in close 
relationship with cells in layer III where large pyramids predominate. The electron 
microscopic part of the study of Fisken et al. (1975) gave an overall view of the 
degeneration surrounding a small cortical lesion rather than concentrating on a 
particular aspect, but a greater proportion of degenerating axon terminals which 
made symmetrical synapses were found at increasing distances from the lesion. 
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SUMMARY 


After small lesions within the cortex of area 4 of the monkey degenerating axon 
terminals have been seen with the electron microscope to contact the cell bodies, 
proximal parts of the apical dendrites and initial segments of Betz cells 0:5 to 
2:5 mm from the damage. The degenerating axon terminals make symmetrical 
synapses which are presumed to be inhibitory in function. The degenerating 
terminals are probably from the axons of the basket cells described in Golgi- 
impregnated material, and which correspond to the large stellate cell recognized 
in electron microscopic studies. 
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Corticospinal Neurones. Their Role in Movement. By C. С. PHILLIPS and R. PORTER. 1977. Pp. 450. 
London: Academic Press. Price £16.80. 


More than seventy years ago Sherrington (1906) expressed his belief that by a combination of the 
methods of psychology and experimental physiology ‘investigations may be expected ere long to furnish 
new data of importance toward the knowledge of movement as an outcome of the working of the brain’. 
Intheir work on Corticospinal Neurones, Phillips and Porter have assembled data showing that Sherring- 
ton's hope has at last been realised. In this monograph for the Physiological Society the authors have 
gone far beyond a consideration of the role of corticospinal neurons in any narrow sense, for in seeking 
to analyse the role of corticospinal neurons as a major efferent pathway from the brain they have been 
led to consider both the higher and the lower level structures with which corticospinal neurons interact. 
Their task, as they set it forth at the outset, was to reassess the status of the pyramidal tract: '(1) as 
a ‘common’ or 'internuncial path’ projecting the commands of the central programmes and subroutines 
towards the target muscles; (2) as a source of internal feedback (efference copy, corollary discharge) to 
the central programme, informing it of the progress of the subroutines of performance; (3) as a con- 
troller of the gain and discrimination of afferent systems supplying information to the fore-brain and 
cerebellum; and (4) as the efferent limb of transcortical reflex arcs whose afferent limbs may provide 
feedback control of the subroutines’. 

Considerable attention 1s devoted to the comparative anatomy and the comparative physiology of 
corticospinal neurons, since so much can be learned from phylogenetic adaptations in the patterns of 
termination of corticospinal neurons according to the functional requirements of the motor systems 
which they control. For example, the authors cite evidence that in man there are dense endings of 
pyramidal tract neurons (PTNSs) in the thoracic cord in regions containing motoneurons innervating 
respiratory muscles. It might at first seem odd that phylogenetically new corticospinal neurons should 
terminate on motoneurons controlling muscles which participate in an act as automatic and primitive 
as respiration, but as the authors point out, these terminations are probably related to use of respiratory 
muscles not in breathing but in speech and song: the corticospinal projection provides for control of old 
muscles in new patterns, and as Hughlings Jackson recognized so clearly, loss of the corticospinal pro- 
jection does not paralyse muscles per se, but eliminates their use in the context of certain movements. 
Destruction of the corticospinal projection to thoracic motoneurons does not impair the utilization of 
respiratory muscles in the context of respiration, though these same muscles may be useless in the 
context of speech. : 

The preceding statement concerning muscles and movements touches on an issue which has been 
much discussed in scientific works on the organization of the motor cortex, and this in turn is an issue 
which the monograph of Phillips and Porter has succeeded in clarifying. Elsewhere, Phillips (1975) had 
dealt with this issue in a paper entitled ‘Laying the ghost of ‘muscles versus movements’.’ In introducing 
his discussion of this topic, Phillips stated: ‘The ghost I am raising is the ghost of what I think should 
never have been regarded as a live issue: whether *muscles' or *movements' are 'represented' in the 
sensorimotor cortex. It walked the corridors of neurology in the nineteen-thirties and -forties and then 
seemed, in the nineteen-sixties, to be fading quietly away, losing its hold over a new generation of 
microanatomical and microphysiological researchers who were busying themselves with details of 
corticospinal connectivity. . . . It had depended all along for its influence on spreading the false belief 
that a man called Hughlings Jackson had formulated alternative propositions, ‘muscles’ or ‘movements’, 
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A or B; and on suggesting that one or other of these propositions could, in principle, be demolished by 
a suitable experiment: one involving electrical stimulation of the cortex. Jackson had, in fact, pro- 
pounded no such alternatives'. 

Much light has been shed on this issue by the work of Phillips and a number of his associates, and 
out of this work has come the concept of the 'corticomotoneuronal colony', a term referring to that 
collection of corticospinal tract (CST) neurons which project monosynaptically to a single spinal cord 
motoneuron. The experiments revealing the extent of corticomotoneuronal colonies involved intra- 
cellular recording of monosynaptic EPSPs from spinal cord motoneurons. After a given spinal cord 
motoneuron had been impaled with the intracellular microelectrode, the motor cortex surface was 
mapped with a roving focal anode delivering pulses which were near threshold for the direct excitation 
of CST axons, so that the maps were subjected to little error due to physical spread of current or physio- 
logical spread of excitation. It was found that the projection area to a single motoneuron could be 
extensive (up to 13 mm square), that areas were sometimes multiple, and that a colony for a given moto- 
neuron commonly overlapped with colonies projecting to motoneurons of antagonistic as well as 
synergistic muscles. 

Itis worth reiterating that the extent of a given corticomotoneuronal colony was defined by projections 
from cerebral cortex to a single motoneuron. If one now thinks of the region enclosing the set of cortico- 
motoneuronal colonies projecting to all the motoneurons of a given muscle, one realises that it is a region 
which must indeed be extensive and must of necessity overlap with regions projecting to motoneurons of 
other muscles—both agonists and antagonists. 

Just as Phillips and his colleagues have succeeded in laying to rest the argument of ‘muscles versus 
movements’, they have also laid to rest an idea which for a time seemed to be emerging from results of 
motor cortex microstimulation, and they conclude that ‘there 1s no experimental basis for any suggestion 
that the motor cortex might be built up of isolated cylindrical output columns of equal radius, one for 
every muscle in the body’ (p. 204). 

Coupled with this lucid consideration of motor cortex output is an equally clear consideration of the 
inputs to PTNs. Two major categories were considered: inputs conveying programs from higher 
functional levels and inputs relaying feedback from lower levels. In the program category were included 
signals from neocortex, lateral cerebellum, basal ganglia, and the ventrolateral thalamus. In the feedback 
category ‘the signals ascending to the motor cortex would be mainly, if not exclusively, aroused as 
responses to its own projected activity. They can be classified as mternal feedback, arising in the inter- 
mediate region of the cerebellum, in sensory relay nuclei, as patterned responses to the patterned dis- 
charges of PT impulses, and external feedback, originating in the muscles, joints and skin of the moving 
parts’ (p. 205). 

In discussing the cortical organization whereby these two classes of inputs generate motor cortex 
outputs, the authors focus on the radial input-output architecture of the motor cortex. It should be 
noted that the existence of a radial architecture does not imply the existence of functionally isolated 
cylindrica! output columns. Thus, radial architecture is a histological fact, but this fact does not provide 
evidence for or against a columnar organization. 

The cerebellum participates in generating both of the major categories of input which reach the motor 

. cortex (both the programs and the feedback), and the authors differentiate between the role of that 
cerebellar projection reaching motor cortex from dentate as compared to the projection from the inter- 
positus nucleus. The dentate, driven by the lateral cerebellum, is thought of in relation to motor pro- 
grams arising from internal sources, whereas the interpositus is thought of in relation to feedback 
generated in the course of movement. It is pointed out that "If it could be proved that nucleus interpositus 
is, in fact, a relay nucleus, this would have great theoretical interest which cannot be allowed to pass 
without comment. The deep cerebellar nuclei are analogous to the vestibular nuclei in that they receive 
excitatory inputs from outside the cerebellum, and are subject to inhibition by the cerebellar Purkinje 
cells. Thus. transmission through nucleus interpositus would be inhibited by the cortex of the inter- 
mediate region, as transmission through the vestibular nuclei is inhibited by the cortex of the flocculo- 
nodular lobe. One of the vestibular nuclei contains the second-order neurones of the vestibulo-ocular 
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reflex and the cortex of the flocculonodular lobe receives a parallel afferent input of mossy fibres from 
the vestibular apparatus. When the normal relationship between the directions of rotation of the head 
and of the visual field is artificially reversed, the vestibulo-ocular reflex undergoes an appropriate 
*plastic' change; and there is evidence that this change depends on a modification of the inhibitory action 
of the cortex on the nucleus. 

"The cortex of the intermediate region receives information of length, rate of change of length, and 
tension of the muscles. So if nucleus interpositus is actually responsible for transmission of signals of 
muscle length (from spindle secondaries) and tension (from Golgi tendon organs) to the motor cortex, 
there would be interesting possibilities of cerebellar modification of their actions on its output, whether 
by short-term ‘switching’ or by long-term ‘plastic’ change’ (p. 226). 

The authors' suggestion along these lines 1s indeed an important one. Much current work on the 
vestibulo-ocular reflex (VOR) is aimed at elucidating mechanisms underlying VOR plasticity. Sherring- 
ton viewed the labyrinthine and muscle afferents as the two great sources of proprioceptive inputs. It 
might be anticipated that mechanisms underlying plasticity of the VOR mught apply to plasticity in 
proprioceptive reflexes affecting output of cerebral motor cortex. 

Having dealt definitively with the input-output organization of motor cortex, the authors proceed 
to a chapter which integrates this knowledge with currently available information on the ‘Electro- 
physiology of Neurones of Cortical Projection Areas in Relation to Conditioned and Voluntary 
Movement.' There are now extensive data concerning the activity of PTNs during voluntary movement, 
and these data fit beautifully with the ideas of motor cortex organization which Phillips and his colleagues 
have put forward on the basis of their electrophysiological work. It is indeed in this chapter on movement 
that Phillips and Porter bring us to the fruition of the line of thinking which began with ideas of Jackson 
and Sherrington, progressed through the elegant intracellular electrophysiological studies of Phillips, 
and led to studies of PTN activity in moving animals. As already mentioned, the work of Phillips and 
his colleagues had shown that corticomotoneuronal colonies may occupy many square millimetres. 
Such a finding, coupled with the demonstrated overlap of corticomotoneuronal colonies to motoneurons 
of different muscles, implied that during natural voluntary movement a microelectrode which simul- 
taneously registered the action potentials of two adjacent PTNs might show that PTNs which are 
‘geographical neighbours’ can be ‘physiological antagonists’. This would be expected for PTNs from 
overlapping corticomotoneuronal colonies to motoneurons of muscles which were reciprocally related 
for the movement in question: the demonstration of overlapping corticomotoneuronal colonies of 
agonist and antagonist motoneurons implied that representative PTNs of these colonies would be 
reciprocally related. Demonstrations of such PTN reciprocity in natural movement have now been 
made. 

Studies of PTN activity in the course of natural movement have been an area of special contribution 
by Porter, who first collaborated with Phillips in carrying out electrophysiological investigations in 
cortex and spinal cord—and then extended his work to include studies of extracellular discharges of 
single PTNs during natural movements of the primate. One of the major points of satisfaction emerging 
from this line of work is the way in which the results on natural movement fit with and extend the 
general notions which had already evolved through the last two decades of work by Phillips and his 
numerous colleagues. For example, Phillips proposed that the PTN input-output modules of the cerebral 
motor cortex might provide a transcortical reflex mechanism allowing for the continuous and automatic 
regulation of skilled volitional movement. In the early studies on activity of motor cortex neurons in 
relation to voluntary movement it was observed that PTNs discharged prior to movement, and the 

: PTN output was viewed as a command signal which would specify some peripheral event. Little attention 
was given to the altered feedback that might continuously influence this PTN activity during movement 
until Phillips proposed that the changes in PTN activity during movements with different loads might 
be the result of feedback. According to Phillips' hypothesis, PTN output might represent a mismatch 
between actual and intended movement. Phillips' suggestion that we view the PTN as a summing point 
in a transcortical servo loop allowed us to interpret increased pyramidal tract discharge with increased 
loads as an error signal corresponding to a mismatch between intended and actual displacement. The 
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Phillips hypothesis has since been extensively confirmed in studies of PTN discharge in moving monkeys, 
and it has been found that the output of many PTNs does in fact represent a signal indicating mismatch 
between intended and actual movement. Here then, one has the clear meeting of experimental psychology 
and physiology. Sherrington's discoveries on reflex action at the level of the spinal cord made it clear 
that the spinal cord alpha motoneuron was a summing point for peripheral feedback and central 
programs from a number of CNS loci. We now know that a similar interaction between peripheral 
feedback and central programs occurs at the level of the cerebral motor cortex Of course the pathways 
for feedback and the origin of the central programs are different in the two cases. The spinal cord repre- 
sents a lower level and the cerebral motor cortex a middle level in the hierarchical organization proposed 
by Hughlings Jackson. For the spinal cord motoneurons, the central program descends while the 
feedback comes directly from segmental afferent inputs. For the motor cortex, the central programs 
appear to be relayed via the thalamus, and somesthetic feedback appears to be relayed predominantly 
via sensory receiving areas adjacent to the motor cortex. But the general principles are the same. 

The demonstration that the motor cortex, a zone of critical importance in voluntary movement, is 
also a site for reflex action was in fact predicted long ago. Jackson had expressed the view that highest 
cerebral centres involved ‘sensorimotor processes’, representing the parts of the body as certainly as the 
lumbar enlargement does. Phillips and Porter point out that by sensorimotor processes Jackson ‘implied 
the idea, which he had taken from Laycock, that the brain is subject to the laws of reflex action’ (p. 323). 
As cited by Phillips and Porter, Jackson went on to say that ‘In the lower centres there is a direct adjust- 
ment of few and simple movements to few and simple peripheral impressions. In the very highest 
centres also there is a similar adjustment, but then it is of exceedingly special movements (representing 
movements of the whole organism) to the most special impressions from the environment . . . In the 
lower reflex action some particular movement is fatally necessary and occurs rapidly after some par- 
ticular impression. But in the highest centres it may be that there 1s not this absolute connexion . . . 
the sensory and motor elements which enter into the physical side of what is, psychologically speaking, 
our perception of the statical and dynamical qualities of objects, can be, so to speak, transposed, can 
enter into new combinations’ (p. 323). 

One is struck at the prescience of Jackson and Laycock, whose ideas are dealt with so fully in Cortico- 
spinal Neurones. But Phillips and Porter do not restrict themselves to reviewing the ideas of the British 
school. Indeed, there are excellent reviews of the ideas of Nicholas Bernstein and of Lashley. Phillips 
and Porter were much impressed with Bernstein’s original and highly logical formulations. It seems clear 
that as Western neurophysiologists become more familiar with Bernstein’s work, this work will have 
a greater and greater impact on their ideas. Westerners sometimes think that ideas concerning movement 
in the Soviet Union derive largely from the school of Pavlov, but as readers of the Phillips and Porter 
book will come to realise, the ideas of Nicholas Bernstein are quite different. The treatment given to 
Bernstern's ideas in the present volume will surely stimulate the reader to delve more deeply into the 
work of the Russian school—a group having its origins in mathematics, cybernetics, and kinesiology. 
Bernstein died in 1966, but the school which he founded is active in Moscow, and its members are 
providing some of the most important current work concerning organization of movement. 

In addition to considering the cybernetics of movement, the authors review neuropsychological and 
electromyographic studies in man, and devote considerable attention to the concept of alpha-gamma 
linkage as this concept has been developed following the ideas of Granit and his colleagues. 

Finally, there is consideration of those movements for which the corticospinal tract is most essential: 
speech and movements involving precisé 1ndividual control of the fingers. The authors point out that 
'In man, very small and accurate movements of the fingers are possible, guided by vision under the 
microscope. With a little practice, a person 1s able to position a slide accurately on the stage of a micro- 
scope using only his hand and visual control. A technician will soon find it possible to focus first on the 
centre of a single red blood cell viewed under high magnification, and then to move the slide so that the 
centre of focus 15 on the rim of that same erythrocyte. A delicate, controlled movement of only 3 or 
4 um has been executed with the musculature of the arms, hand and fingers. Accuracy requires external, 
visual feedback and the accomplishment of the precise movement performance is intimately linked with 
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and dependent upon the sensory experience. We can also do fairly fine dissections under a dissecting 
microscope without recourse to a micromanipulator’ (p. 378). 

This reviewer was especially interested in the reference which Phillips and Porter made to the role of 
PTNs in precise movements, for it was with this idea in mind that I and my colleague Christoph Fromm 
decided to carry out observations of the activity of PTNs during small precisely-controlled movement 
in the monkey. In these experiments a visual pursuit-tracking paradigm was used for training monkeys 
to position a handle within a small zone and rotate it by pronation-supination movements. Unit dis- 
charges from the motor cortex was examined in relation to movements carried out in this situation, 
with particular attention to large ballistic movements as compared to small precisely controlled move- 
ments. Intense unit discharge was found to occur with even the smallest movements made to achieve 
accurate positioning of the handle. Within the group of motor cortex РТМ, slowly conducting tonically 
discharging PTNs showed the most selective relations to these small precisely controlled movements. 
All units discharging with small movements also discharged with larger movements, but for the larger 
movements there was recruitment of new PTNs which had been inactive with the small movements. 
Furthermore, those PTNs which were recruited with the smallest movements were also most sensitive 
to peripheral inputs arising from limb receptors. Almost invariably there was intense reflex activation 
of those units (especially the tonically discharging PTNs) most involved in control of precise small 
movements. Here then, in studies on individual PTNs was evidence for a very high degree of PTN 
involvement in the finest, most precise motor outputs, and evidence for the critical role of sensory input 
in precise motor output. 

And, of course, Phillips and Porter stress the critical role of ‘the hand as a sense organ’. Corticospinal 
neurons, after all, terminate in many sensory relay stations, and thus the output of the sensorimotor 
cortex is critical 1n regulation of sensory input as well as in excitation of motor output. 

In closing, І must add that in attempting to review this book on Corticospinal Neurones, I have found 
it impossible to list all of the topics which have been covered. The book bridges the gap between a 
number of important areas—clinical neurology, neurophysiology, experimental psychology, kinesiology, 
and anatomy. The style is lucid and engaging, and one finds oneself drawn from chapter to chapter with 
avidity. Combining as it does so many different approaches to the functional organization of motor 
control, the book will surely be of great value as a text and a source in a number of different areas 


of neuroscience. 
EDWARD V. EVARTS 


REFERENCES 


Punes, С. С (1975) Laying the ghost of ‘Muscles versus Movements’. Canadian Journal of Neuro- 
logical Sciences, 2, 209-218. 


SHERRINGTON, C. (1906) The Integrative Action of the Nervous System. New Haven: Yale 


Visual Evoked Potentials in Man: New Developments. Edited by J. E. Desmedt. 1977. Pp. 558. Oxford 
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Visual evoked potentials refer to the voltage signals recorded from the intact scalp (usually of man) 
in response to appropriate visual stimulation. Experiments involving VEPs centre on the measurement 
of either the transient or steady-state response. In transient-VEP recording, stimuli are presented at 
a sufficiently low rate that the visual system may be regarded as having returned to its resting level 
between stimulus presentations. The response is described in terms of amplitude vs time and is analysed 
into components with different polarities and latencies. In steady-state-VEP recording, the stimulus 
repetition rate is sufficiently high that no individual response cycle can be associated with any particular 
stimulus cycle. Response is expressed in terms of amplitude and phase vs frequency of the (sinusoidally 
varying) stimulus. For a linear system, analysis of the steady-state response would be the standard 
method of investigation of its temporal characteristics, but the visual system is strongly nonlinear, 
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whether evaluated by psychophysical methods (Attneave and McReynolds, 1950; Burton, 1973) or by 
VEP measurements (Kamp, Sem-Jacobsen, Storm van Leeuwen and Van der Tweel, 1960). The absence 
of any general method for nonlinear systems analysis requires the adoption of a tailor-made approach 
to each problem, although Spekreijse and Oosting (1970) have shown that for the case in which the 
visual nonlinearity may be treated as a rectifier it is possible to make use of a ‘linearizing’ technique. 
Not surprisingly, there has been little success in predicting the steady-state VEP response from the 
transient (Regan, 1972, p. 75). 

Asatechniquefor the investigation of human visual function, ће УЕР approach has several advantages 
over other methods. It provides an objectivity not afforded by psychophysical and neuropsychological 
measures and, unlike microelectrode electrophysiology involving acute preparations, it is used with the 
fully-conscious unanesthetized unparalysed subject. In clinical practice, VEPs allow the assessment, 
ш anon-injurious way, of visual function in inarticulate or unresponsive patients. VEPs have, in addition, 
the property that they reveal the activity not of a single cell, as in microelectrode methods, but of a group 
or population of cells. Nevertheless, the disadvantages of the VEP approach are not insignificant. The 
УЕР signal has to be correlated, in some part, with an attribute of the stimulus or an aspect of the 
sensation elicited by the stimulus. When a statistically reliable correlation is established, it does not 
necessarily follow that the corresponding VEP event is directly related to the nervous activity mediating 
the perception of the stimulus. There are practical difficulties 1n that VEPs can be easily contaminated 
by artifacts associated with the method of stimulus presentation, and they can vary widely from person 
to person. There are important theoretical problems concerning the nature and distribution of the 
electrical processes generating these surface potentials, and the extent to which these generators reflect 
the structure and function of the underlying neural mechanisms. As Regan (1972, p. 26) indicates, it is 
this question of the relationship between nerve celis and VEPs which is the most critical for evoked 
potential research. 

Visual Evoked Potentials in Man New Developments, edited by J. E. Desmedt, is the outcome of a 
project initiated at the Brussels Symposium held in April 1974 on cerebral evoked potentials and con- 
tains contributions from a leading group of VEP research workers. The book is divided into three parts. 
Part 1 is concerned with the basic methods of VEP stimulation and response analysis. It begins with 
a useful introduction to VEP terminology and procedures which 1s formulated by a panel consisting of 
Arden, Bodis-Wollner, Halliday, Jeffreys, Kulikowski, Regan and Spekreijse. There follows an excellent 
critical overview by Spekrerjse, Estevez and Reits of VEPs in relation to visual information processing. 
The authors discuss VEPs elicited by homogeneous fields undergoing simple flash, sinewave and 
Gaussian-noise modulation, and break down the response into components deriving from different 
regions of the cortex. For spatially structured fields, the authors make the point that VEP responses are 
more complex, and there appears to be no well-defined description relating VEP characteristics to 
stimulus properties yet available, although it is possible to distinguish certain pattern-dependent com- 
ponents in the VEP response to long-duration stimuli that are present in the response to short-duration 
stimuli. (These components, Jeffreys’ CI and CII, are discussed later in this review.) Experiments on 
VEPs to coloured stimuli showed that all three cone photoreceptor mechanisms yield a contrast-specific 
response, and, significantly, the blue-cone system requires the largest check size in the pattern. These 
experiments made use of what the authors called a ‘spectral compensation’ method in which the input to 
one cone system is held constant while that to another is varied. This method relates to the ‘silent- 
exchange' technique used by Donner and Rushton (1959) in their investigation of frog retinal-ganglion- 
cell response. Part 1 finishes with a description by Arden and his co-workers of a versatile VEP pattern 
generator designed primarily for clinical work, and a review by Regan of the use of Fourier methods in 
steady-state VEP analysis. 

Part 2 deals in detail with VEPs to pattern, colour, and eye movements in normal man. Halliday and 
his co-workers discuss the topography of pattern VEPs and stress the importance of the location of 
stimulation within the visual field 1n determining the nature of the response. On the basis of experiments 
in which the stimulus sharpness and size are varied, they hypothesize that VEPs elicited by small-check 
patterns involve visual 'edge-detectors' whereas those elicited by large-check patterns depend on units 
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sensitive to areas of varying luminance. The physiological origins of pattern VEPs are carefully investi- 
gated by Jeffreys who describes techniques to distinguish three components, CI, СП, and СШ, in the 
transient VEP response. He proposes that CI, which is partially sensitive to contrast, originates in the 
striate cortex (area 17), and that CII and CIII, which are mainly sensitive to contour, originate in 
different areas of the extra-striate cortex (areas 18 or 19 or both). 

Kulikowski considers the correlation between visual contrast thresholds for grating stimuli evaluated 
psychophysically and by VEP measurement and discusses the relationship of grating-induced VEPs to 
pattern- and movement-sensitive mechanisms in the visual system. In another study involving grating 
stimuli, Bodis-Wollner and Hendley suggest that the response to counterphase grating modulation 1s 
determined by mechanisms which may be related to the transient- and sustained-type cells found 
in the visual system. 

Regan describes some well-designed experiments in which steady-state pattern VEPs were obtained 
in response to changes 1n chromatic contrast rather than luminance contrast. By means of a feedback 
loop involving the stimulus and the VEP response, he was able to produce correlates of the field spectral 
sensitivities of the red- and green-sensitive colour mechanisms of the eye. The technique he used is an 
elegant VEP analogue of the psychophysical procedure employed by Stiles (1939, 1949) in his analysis 
of human colour vision. VEPs correlating in turn with overall photopic spectral sensitivity, with apparent 
motion effects and with depth changes in the stimulus are also described. Interestingly, May failed to 
obtain any VEP correlate of the contour-contingent chromatic after-effect known as the McCollough 
effect. He suggests that this may be a consequence of the effect being a steady-state phenomenon and 
thus not susceptible to investigatory procedures which depend on precise time-locking to the stimulus 
event. 

The relationship between VEPs and eye movements is examined by several authors. Armington and 
Brooks each hypothesize that saccades produce VEPs because there is a rapid displacement of the retinal 
image, and Kurtzberg and Vaughan suggest that the existence of a VEP preceding the saccade might 
be associated with the mechanism responsible for programming the eye movement. VEP characteristics 
dependent upon the age of the subject are discussed by Harter, Crowell, Dustman, and their respective 
co-workers. The differences they observé in VEP properties in both infancy and in senescence are 
interpreted in terms of various mechanisms relating to neural organization. 

Part 3 is concerned with clinical applications. It begins with the use of VEPs for essentially ophthalmo- 
logical purposes. Arden and Sheorey describe a laser interference system for producing fringe-pattern 
stimuli, which, because of the low spatial frequencies they use, does not suffer from the disadvantages 
(speckle and poor quality high-frequency fringing) usually associated with laser-generated patterns. 
VEPs produced by reversal of the fringe patterns were shown to be reduced or absent in patients with 
opacities due to corneal or lenticular cataracts and vitreous hemorrhage. A grating stimulus was also 
used by Maffei and his co-workers to investigate the visual function of subjects in which astigmatism is 
corrected optically. It was found that there is a residual asymmetry in VEP response with rotation of the 
stimulus which may be attributable to changes in the underlying neural function. The advantages of 
the objective nature of VEP methods in optometry are emphasized by Millodot, who points out, how- 
ever, that except for newborn infants or uncommunicative patients, information from VEPs is no more 
useful than that obtained more easily and quickly by conventional methods. Sokol and Regan each 
describe experiments in which VEPs are used to assess visual function in patients with amblyopia. 

"There are several articles on the use of VEPs in the investigation of visual function in patients with 
multiple sclerosis or optic neuritis. By way of introduction, an excellent review of the known patho- 
physiology of conduction in central nerve fibres is given by McDonald. He suggests that although 
experiments on single demyelinated fibres show that VEP delays found in patients are explainable in 
terms of a simple reduction in conduction velocity, other factors, including a possible retinal effect, 
cannot be ruled out. Halliday, McDonald and Mushin in the next article discuss their clinical experi- 
ments with pattern-reversal transient VEPs. They demonstrated that there is a mean delay of 35 ms in 
the VEP response associated with the affected eye 1n unilateral optic neuritis and that a similar result 
holds in multiple sclerosis (see also Halliday, Halliday, Kriss, McDonald and Mushin, 1976). Analogous 
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experiments were performed by Regan, Milner, and Heron using the complementary steady-state 
approach and Fourier analysis. Although medium-frequency flicker VEPs were found to be delayed 
in retrobulbar neuritis, high-frequency flicker VEPs were found not to be delayed. This, the authors 
hypothesize, may indicate that different neural processes within the visual pathway are preferentially 
damaged by the disease. (The reliability of this VEP method of assessment relative to psychophysical 
testing has been considered by Regan, Murray and Silver, 1977). Cook and Arden in their investigation 
of unilateral retrobulbar neuritis make the point that pattern-reversal VEP measurements imply con- 
duction delays which are in magnitude about twice those obtained by other methods. They propose that 
one cause might be selective damage to Y-fibres, the X-fibres being left intact. (A careful investigation 
into pattern-reversal VEPs for the diagnosis of multiple sclerosis and optic neuritis has recently been 
published by Shahrokhi, Chiappa and Young, 1978. This study is based on the examination of two 
hundred patients.) 

The book ends with a number of articles on the use of flash (unpatterned) stimulation in patients 
where the use of patterned stimuli is inappropriate. Harden and Pampligione discuss VEPs to flash in 
progressive neurometabolic ‘storage’ diseases of childhood and both Harding and Borda examine their 
usefulness in the evaluation of visual defects arising through, for example, lesions of the optic pathway. 
In contrast, Bodis-Wollner and his co-workers use grating stimuli in their study of VEPs from patients 
with cerebral lesions. They found that in some cases there is a dissociation of the detection of spatial 
contrast and local luminance which may relate to the division of response between sustained- and 
transient-type cells mentioned earlier. 

In the introduction to this review, it was pointed out that there are certain difficulties associated with 
the VEP approach to the investigation of visual perception. Not least important of these is the question 
of the correlation between the VEP event and the selected stimulus attribute. It is essential that adequate 
control experiments are performed to ensure that the observed correlation is genuine and not the result 
of some concomitant peripheral nervous activity. It is also important, when there exists a significant 
intersubject variability, that this is taken into account ın the interpretation of the experimental data. 
Not all contributors to the book deal with these issues entirely satisfactorily. 

Despite its title, Visual Evoked Potentials in Man: New Developments contains material which has 
been available in the literature for several years. Nevertheless, it does contain previously unpublished 
work, and the fact that it brings together findings from a number of different sources and presents these 
in a reasonably unified and systematic fashion constitutes the principal attraction of the book. For 
someone wishing to apply VEP techniques to research into normal visual function or to clinical investiga- 


tion, it provides a useful and comprehensive review of the field. D. H. POSTER 
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Brain and Heart Infarct. Edited by K. J. Zulch, W. Kaufmann, K.-A. Hossmann and V. Hossmann. 
Berlin: Springer-Verlag. 1977. Pp. 349. Price DM 67.00. 


This multi-author book 1s based on the proceedings of a symposium on cerebral and coronary 
vascular disorders held in Cologne, Federal Republic of Germany. There are 31 chapters that deal with 
the various metabolic, functional and pathological aspects of the normal and diseased heart and brain. 

Coronary flow is influenced and regulated by both metabolic and extravascular factors of which 
oxygen consumption, heart rate and contractility are the most important. In the treatment of coronary 
vascular disorders drug research has focussed on Ca++ antagonists, whereas in cerebrovascular disease 
more attention has been paid to the actions of H+ and К+ ions. In the heart, therefore, Ca** plays 
a decisive role though the interactions of the other ions play an important part in the adjustment of 
tissue demands for blood in the regulation of flow. There is an increasing body of evidence that a common 
denominator in the control of blood flow to the heart and brain is the nucleotide adenosine which is 
released from parenchymal tissue when the supply of oxygen becomes inadequate for the metabolic 
needs, Other factors, particularly H+ and K+ and possibly the myogenic mechanism, contribute to the 
regulation of myocardial and cerebral blood flow. The interrelationships between these various meta- 
bolic mediators remains uncertain. The regulation of the microcirculation in the heart is surprisingly 
similar to that of the brain, for example, an increase in раСО, may cause an increase in flow in some 
capillaries and a decrease in others. An outline of the regulation of brain energy metabolism under 
normoxic and hypoxic conditions 1s given. 

The effects of ischemia on the metabolism, blood flow and contractile state of the myocardium are 
discussed because of the implications for treatment. Studies have shown that discrete changes in meta- 
bolism occur in the brain in association with regional functional changes, and that these metabolic 
alterations are often linked to similar changes in local blood flow. Evidence is given in support of the 
theory of local metabolic control of regional cerebral blood flow. Recent work has shown that after 
15-16 minutes of global cerebral ischemia much of the neurological deficit sustained can be attributed 
to post-ischemic changes which can be modified by treatment. The earlier in the post-ischzemic period 
the treatment is given, the better the expected recovery. However, after ischemuia of sufficient duration, 
application of any form of therapy will not improve recovery. 

Studies of the coagulation system in patients with cerebrovascular disease have shown there is 
increased platelet aggregation in cases with transient ischemic attacks (TIAs). Progressive ischemia 
seemed to be related to decreased spontaneous fibrinolysis and hypercoagulability, while in completed 
stroke in the first three days fibrin degradation products were raised at a time when coagulation times 
were unchanged. Immediate thrombolytic therapy can be beneficial with progressive stroke. Following 
myocardial infarction signs of compensated coagulopathy and fibrin degradation products indicate 
intravascular coagulation. Fibrinolytic therapy leads to decrease in total peripheral resistance and tends 
to increase the cardiac output. 
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Complete cessation of cerebral blood flow causes an almost immediate suppression of higher CNS 
function followed by a breakdown of cell metabolism within a few minutes. There is new evidence that 
electrophysiological and biochemical functions during ischemia have a certain capacity for recovery, 
even after normothermic cerebrocirculatory arrest of sixty minutes duration. Evidence 1s presented that 
the tolerance of the CNS to ischemia does not depend on the ischemic stress alone, but almost equally 
on post-ischemic events. Work on myocardial ischemia has shown that the heart is able to sustain 
normal work when there is a reduced amount of ATP. The study of neurological deficits and neuronal 
function in experimental models of acute focal cerebral ischemia has contributed towards the rational 
assessment of effective therapeutic measures. Similar work with experimental heart infarction has shown 
there is an increased vascular capacity in the subendocardial tissue, that subendocardial perfusion is 
sensitive to augmented load and that restriction of subendocardial blood supply 1s most pronounced 
under conditions when local perfusion pressure is diminished by a compromised vasculature, for 
instance by atheroma. 

An elegant description of cerebral blood flow measured by multidetectors and isotope techniques in 
the production of cerebral ‘ideograms’ and functional ‘landscapes’ is given. It has been shown that even 
though mean hemispheric flow may only change to a limited extent, important regional alterations take 
place, often amounting to 50 per cent or more during physiological changes which accompany sensori- 
motor and mental activity. Such changes lead to a redistribution of flow from inactive to active regions. 
This takes place by means of inherent tissue mechanisms which are responsible for the metabolic 
regulation of cerebral blood flow. 

Chronic hypertension is the most common cause of heart failure, the mechanism being an increase 
in intraventricular pressure and demand for oxygen by the myocardium, hypoxia and ultimate impair- 
ment of the contractibility of the left ventricle. In chronic arterial hypertension the absolute value of 
cerebral blood flow is the same as in normotension. However, autoregulation of cerebral blood flow 
adapts in such a way the lower and upper limits of autoregulation are shifted towards higher values on 
the blood pressure axis. Recent work suggests that acute hypertensive encephalopathy is caused by 
overstretching of the arteriolar walls, this leading to extravasation of plasma proteins and the formation 
of focal cerebral edema. Studies have also shown that the lower limit of autoregulation is shifted upwards 
in cases with extracranial vascular disease. Evidence 18 presented that suggests focal symptoms related 
to a reduction in blood pressure are rare and are probably due to micro-embolism rather than hemo- 
dynamic consequences of loss of autoregulation with declining blood pressure. 

The presence or absence of cardiac embolism and hypertension have been assessed in a group of 
patients with cerebral infarction. It was found that idiopathic atrial fibrillation appeared to play a major 
role in cerebral embolism. Major advances are reported in the understanding of the factors influencing 
the progression and the regression of the advanced atheromatous plaque in coronary arteries. The 
relationship between advanced atheroma and myocardial ischemia is considered. It seems that atheroma 
isan almost entirely preventable and substantially reversible disease process, and that many of its clinical 
effects may be counteracted by prompt and skilful treatment. 

Comparison of the characteristics of subjects developing myocardial infarction with those with 
atherothrombotic brain infarction shows both similarities and differences, for example, age, sex, hyper- 
tension, serum cholesterol, cigarette smoking, diabetes and polycythemia. A model of TIAs by arachi- 
donic acid-induced platelet emboli and the protective effect of pretreatment with aspirin is described. 
Transient ischemic events of the heart are generally ascribed to fixed atherosclerotic obstructive coronary 
disease, though other possibilities are considered. It used to be thought that TIAs were due to general 
hemodynamic factors whereas emphasis is now placed on the role played by the various mechanisms 
involved in thrombogenesis and hemostasis. Indeed there is recent evidence that aspirin conclusively 
reduces the number of both TIAs and cerebral infarcts in patients with carotid territory TIAs. The 
traditional view is that ischemic heart disease is due to thrombotic occlusion of coronary arteries, but 
there is substantial evidence that acute thrombus formation does not precipitate acute fatal ischemic 
heart disease but rather that coronary thrombus is a consequence rather than a precipitating cause of 
acute myocardial infarction. The proper management of patients with cerebral ischemia and infarction 
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depends on its etiology, its state of evolution and the relationsbip between the disease and the general 
condition of the patient. There is an emerging emphasis on the management of TIAs by admission to 
hospital, anticoagulants, angiography and surgical treatment if indicated. The therapy of myocardial 
infarction and coronary heart disease is dictated by the prevention of angina pectoris, the intermediate 
syndrome and myocardial infarction. 

This is probably the first symposium at which joint discussions on the circulatory disorders of the 
brain and heart, two of the most common diseases in clinical practice, have taken place. Particular 
emphasis has been placed on the differences and similarities of the control of cerebral and myocardial 
blood flow and the pathophysiology of brain and heart infarction. The authors have therefore discussed 
the various facets of the central question, and in so doing have produced a series of well written, liberally 
illustrated and informative chapters. Appended to each is a useful bibliography and a subject index is 
provided at the end of the proceedings. This book will be of considerable value to anyone with either an 
interest in, or who is working in, the fields of cerebral and myocardial ischemia. 


D. I. GRAHAM 


Handbook of Clinica! Neurology. Vol. 30. Congenital Malformations of the Brain and Skull. Edited by 
P. J. Vinken and G. W. Bruyn with N. C. Myrianthopoulos. 1977. Amsterdam: North-Holland 
Publishing Company. Price Dfl. 280.00. 


This volume opens with 5 general chapters on classification, developmental anatomy, errors in 
differentiation of the central nervous system and etiology and epidemiology. These are authoritative 
and of particular value to the pediatric neurologist. The remaining 22 chapters deal with a wide range 
of congenital and developmental anomalies, some very rare and others relatively common. Ettlinger 
provides a useful review of agenesis of the corpus callosum and Larroche gives a good account of 
cytoarchitectonic abnormalities. De Lange (progressive hydrocephalus and treatment of hydrocephalus), 
Salam (stenosis of the aquaduct of Silvius) and Joe R. Brown (the Dandy-Walker syndrome) are among 
others who excel. Robinson gives a detailed account of agenesis and anomalies of other brain structures. 

This is a book of reference and as such will be required in departmental libraries. 


R. A. HENSON 


Réflex Epilepsy, Behavioral Therapy and Conditional Reflexes. By Francis M. Forster. 1977. Pp. 318. 
Springfield, Illinois: C. C. Thomas. Price $22.75. 


The term reflex epilepsy is probably more familiar to older than to younger "— Nowadays 
“we tend to speak of evoked epilepsy, a name which carries no particular implications on causation. 
Although rare, evoked epilepsy has exercised the interest of neurologists for many years. Evoking 
sensory factors are present in some 5 to 6 per cent of epileptic patients. Dr. Forster is well-known for his 
work in the field, and this volume represents the distillation of his wide experience. 

From 1961 onwards Dr. Forster investigated 73 patients with reflex epilepsy. In 39 the seizures were 
visually induced, while 10 were sonogenic and 5 musicogenic; 11 were linked with reading and other 
uses of language. His account of his clinical findings and detailed EEG studies occupies the major part 
of the book, and neurologists will welcome this concentration of information on a series of strange 
and sometimes rare phenomena within one volume. The later chapters deal with behavioural methods 
of treatment which were particularly successful in musicogenic epilepsy, though gratifying results were 
also obtained ın visually-induced and reading epilepsy. Dr. Forster concludes that, on balance, reflex 
epilepsy is not based on a conditional (sic) reflex. 

This book is not easy to read despite its interest. Dr. Forster has an occasional tendency to idiosyncratic 
verbal usage which causes difficulty in understanding. Nevertheless, his book 1s recommended for its 
unique contents. The price is reasonable. 

R. A. HENSON 
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A Colour Atlas of Neuropathology. By C. S. Treip. 1978. Pp. 208. London. Wolfe Medical Publications 
Limited. Price £15.00. 


This is more than an atlas yet not quite a textbook. In addition to over 300 illustrations—the great 
majority of the photomicrographs being in colour—it incorporates a concise yet lucid account of the 
major aspects of neuropathology, a brief appendix incorporating some useful technical information, 
and a bibliography. Designed as an introductory manual of neuropathology it should be of considerable 
value to pathologists in training, and clinicians in training in any branch of the neurosciences could 
hardly fail to benefit from browsing in it. It also seems good value for money. 

Despite its undoubted assets the atlas does have some deficiencies. I refer in particular to some of the 
colour illustrations, albeit small in number, which are most unlike what I would expect to see under 
a microscope. Indeed one or two are frankly misleading. Thus, differentiating between non-specific or 
autolytic changes in neurons and the specific cytological changes of recent necrosis and infarction is one 
of the most difficult problems encountered by the trainee pathologist: he will find little help from 
Figs. 2, 5,6 and 99. The black and white illustrations on the other hand are superb, and one again wonders 
how important coloured illustrations are in an atlas of pathology except when a particular staining 
reaction has to be shown 

Iam sure however that Dr. Treip will have the chance to remedy the few pictorial defects since I feel 
sure that there will be a demand for a second edition. I would also suggest that the pathology of raised 
intracranial pressure is too important to be restricted to three pages in the chapter on Vascular Disease, 
and that it might be a good idea to emphasise the near impossibility of recognising recent hypoxic brain 
damage, even when it 1s severe and extensive, without an informed histological study, rather than simply 
illustrating the relatively rare cases where there are obvious macroscopic abnormalities in the brain. 


HUME ADAMS 


Pain in the Trigeminal Region. Edited by D. J. Anderson and B. Matthews. 1977. Pp. 453. Amsterdam: 
and New York: Elsevier/North Holland Biomedical Press. Price: $49.50; Dfl. 121.00. 


Pain in the Trigeminal Region is a collection of papers delivered by many investigators at a symposium 
held at Bristol University. As the symposium was organized by a department of research in oral biology, 
the trigeminal region is very much the trigeminal region related to teeth; and most of the work reported 
was done on cats and rabbits. The work is of the highest standard; both as consumers of dental treat- 
ment, and as neurologists, we will find nearly all the papers of great interest. 

One of the papers unrelated to teeth was a study of Beuerman, Maurice and Tanelian of thermal 
sensibility in the human cornea. With a clever and original technique, they were able to conclude that 
the cornea possesses no thermal sensibility. Saline at temperatures over 40-43? C. did not feel warm but 
caused a sensation of pain, often of burning pain. 

There are several important anatomical studies. Kruger has continued his study of the fifth nerve, 
in the cat, and its connections, now using modern methods based on axonal protein transport. He and 
his colleagues conclude that the principal nucleus 1s homologous with posterior column nuclei, nucleus 
interpolaris 1s in part homologous with the lateral cuneate nucleus, and the nucleus caudalis with the 
substantia gelatinosa of the posterior horn. An important contribution is that of Gobel, Falls and 
Hockfield. They divide, in the cat, the grey matter of the region extending from the obex to the spinal 
cord into eight laminz, corresponding to those of Rexed for the first eight laminæ of the spinal cord. 
Many of the contributors report their studies of neurons of the nuclei caudalis and oralis of the tri- 
geminal nerve and of the neighbouring reticular formation, which receive noxious and thermal input. 
It was reported that the activity of neurons receiving noxious input from tooth pulp and from the skin 
of the cat could be inhibited by immediately previous tactile stimulation of the forepaw, excitation of the 
superior laryngeal nerve, infra-orbital nerve, the opposite somatosensory cortex and, above all, by 
stimulation of the periaqueductal grey matter. Stimulation of the latter neurons inhibited the activity 
of all neurons of nuclei oralis and caudalis. The effect of this stimulation could be reversed by naloxone. 


t 
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There are two papers on inhibition of these nociceptive neurons by excitation of brain-stem raphe 
nuclei. Lovick, West and Wolstencroft stimulated the raphe nuclei and also activated these neurons 
antidromically. They calculated the conduction rate of the raphe-trigeminal fibrés as 6-5-1-5 m/s. 

Andersen, Lund and Puil reported that morphine was fixed on neurons of nucleus caudalis and stopped 
their ongoing or spontaneous firing. Enkephalin had the same effect and prevented the neurons being 
fired by stimulation of tooth pulp. Both these actions were reversed by naloxone. These investigators and 
Henry, Hu, Lucier and Sessle also showed that substance P activated and increased the after-discharge 
of neurons receiving a noxious input and had no effect on those receiving an input from tactile and 
mechano-receptors. Thus, as is now being found generally, the action of substance P is the opposite of 
that of enkephalin and morphine. In peripheral tissues, substance P is always found near blood vessels. 
Curiously, the anatomy and physiology of co-ordination of stimulation of the face with movements of 
the neck to remove the face and head from the stimulus has been inadequately investigated. This subject 
was reported upon in an unusual communication by Abrahams and Richmond. 

This was a valuable symposium. It is an achievement to have the book ready for sale five months after 
it was held. Printed on the cover of the book there is an appropriate stone carving on a capital in Wells 
Cathedral. It is regrettable that the price is so high. 


P. W. NATHAN 


Essays in Neurochemistry & Neuropathology. Vol. 2. Edited by M. B. H. Youdim, W. Loveenberg, 
D. F. Sharman and J. R. Lagnado. 1977. Pp. 174. Chichester, New York: John Wiley. Price 
£8.75; $17.50. 


This book is a useful account of the current status of the rapidly developing subject of neuropharma- 
cology. There are six essays in this second volume under review, several of which deal with controversial 
topics related to the biochemical basis of mental illness. Such questions as the mode of action of- 
hallucinogens and their relevance to schizophrenia and the relationship between synaptic activity and 
behaviour are critically discussed. There is also a chapter on cyclic nucleotides and postsynaptic trans- 
mission which clearly relates to the mechanism of action of neuroleptics. Another topical essay deals 
with prospective neurotransmitters in the retina and their cellular localization. Equally absorbing is 
arather more practical discussion of the value of the isolated rat brain preparation for assessing metabolic 
processes and electrical activity of the CNS. 

For an ephemera! publication the book 1s well produced and reasonably priced. It can be commended 
to the general reader as well as those interested 1n psychopharmacology. 


А. №. DAVISON 


ve Treatment in Multiple Sclerosis. Edited by P. Delmotte, О. R. Hommes and К. 
Gonsette. 1977. Pp. 224. Ghent: European Press. Price not stated. 


The search for the therapeutic philosopher's stone in multiple sclerosis continues and the way is made 
little clearer by this publication. The introduction states that immunosuppressive therapy is the best 
treatment we bave in multiple sclerosis, but the conclusion that it alters the course of the disease is at 
best tentative. 

The pattern of the book is a series of papers followed by a brief discussion It begins with an un- 
impressive chapter on immunological abnormalities in multiple sclerosis and experimental allergic 
encephalomyelitis and compares them, followed by a brief review of immunosuppressive agents. The 
first chapter on therapeutic trials refers to the use of azathioprine in relapsing multiple sclerosis and is 
a retrospective study in which some patients were treated As is customary in such work the apparent 
efficacy of the treatment derives more from a deterioration in the controls than benefit to the treated 
patients. This 1s followed by a chapter on the chronic progressive form of multiple sclerosis and concerns 
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the use of cyclophosphamide. Again this study is uncontrolled and contains some surprising statistical 
techniques to obtain the apparent benefit of the treatment to the patient. There are additional chapters 
on long-term immunosuppression with various drugs (using a dubious technique of comparing the 
pretreatment relapse rate as a control), and short-term intensive immunosuppression concluding that 
relapses when they occur are less severe (a difficult criterion). The Munich group give further details 
on thoracic duct drainage and Cendrowski reports his negative work with Levamisole. In addition to 
this there are chapters on CSF IgG during immunosuppression and pathology of multiple sclerosis. 

In all work with multiple sclerosis there 1s a desperate need for strict controls and yet this book has 
only two cbapters on a double-blind immunosuppressant trial, which is at such an early stage that no 
data on its effect are available. Indeed in the concluding discussion some of the participants state that 
controlled trials betray the trust of the patient. However, if any real advance is to be made such trials 
have to be conducted. It is a pity that many of the papers ın this book contain evidence that immuno- 
suppression might be of value in multiple sclerosis, yet none prove this, solely because there are no 
adequate trials. 


PETER RUDGE 


Brain 
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A re-issue of the first part of the General Index, covering Volumes 1—23 
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PATHOLOGY IN COMPUTED TOMOG- 
"RAPHY OF THE BRAIN by Scott D. Hen- 
derson, Rush-Presbyterian:St. Luke's Medical 
Center, Chicago, Illinois. The large number 
.of scans included in this volume will famil- 
iarize the reader with pathology as demon- 
strated on such scans. Analyses are presented 
in general terms. The aüthor stresses the cor- 
relation of clinical data and other diagnostic 

procedures to arrive at a correct diagnosis. ’78, 
216 bb. (6 3/8 x 9 5/8), 839 il., $17.50 


HOW TO EXAMINE THE 


Ross, Олии. ‘of Manitoba, Winnipeg, Mani- 
toba, Canada. Presented in a uniquely ap- 
propriate format, this book will provide the 
student with the skills needed for nervous 
system examinations. Individual uU eT 


. cover such areas as the fundus oculi, 


- movement; cranial nerve involvement, ps 
flexes, sensation, the corticospinal tract syn- 
· diomé, and cerebellar signs. '78, 136 pp. (41/2 
-x 7), 44 15, $6.50, Lexide - а 
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AN ATLAS. ОЕ POLYTOME PNEUMOG- 
RAPHY: With. Particular Reference to the 
Midline Véntricles of the Brain by Taher El 
. Gammal and Marshall B. Allen, Jr., bóth of 
Medical - College of Georgia, Augusta, 
- Georgia. Assisted by Paul Dyken. This atlas 
" presents a largé number of studies which sup- 


А а plement the study of normal anatomy of the - 


; cerebrospinal. fluid pathways, and provides 
"comparisons for the identification of ab- 
normal structures. 77,480 pp. (8 1/2 x "m 
729 il., $39.50 a. 
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APPROACH' TO CEREBRAL PALSY (5th 
Ptg.) by Marie C. Crickmay, Gorge Road Hos- 
pital, Victoria, , British Columbia, Canada. 
This is an ideal text for those who want to 
know more about the Bobath approach to 


. cerebral palsy. The author concentrates on the 


neurophysiological principles which form the 
basis of this. method, and demonstrates their 
application.. Also described are principles of 


, speech pathology; articulation, language and - 
- fluency problems; and psychological aspects. . 


77, 192 pp., 19 il, $10.00 
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CEREBRAL LOGIC: Solving the Problem of 
Mind and Brain by Charles W. Needham, 
Neurological Associates of Tucson, Tucson; 
Arizona. In its inquiry into the neurophysi- 
ology of consciousness, this book considers 
equally the disciplines .of néurology, philos- 
ophy, and psychology..A’ discussion of the 
general nature of the mind-bráin problem is 
allowed by a look at the origin of mentalistic 
language' and its applicability to cerebral 
logic. °78, 232 bb. 1 ili; $12.75 . 


MEDICAL ASPECTS OF, MENTAL RE- 
TARDATION (2nd Ed) edited by Charles 
H. Carter, Sunland Center, Orlando, Florida. 

(33 Contributors) This „completely revamped 
Second: Edition examines genetics and cyto- 
genetics, infections, trauma, cranial abnor- 
malities, poisons, nutrition, and prenatal and 
postnatal damage. Community diagnostic and 
treatment centers, cerebral pathology and 
metakolism, and treatment with drugs are also 
explored. ’78, 912 рр. (6 3/4 x 9 3/4), 436 113. 
б tables 159.50  - 


LEUKEMIA AND LYMPHOMA IN THE 
NERVOUS SYSTEM edited by:- Carl 
` Pochedly, Nassau County Medical Center, | 
^ East Meadow, New York. Foreword by Alvin 
,M. Mauer, : .(3 Contributors) The author re- 
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ERRATUM 


THE NEUROANATOMY OF AMNESIA: A CRITIQUE OF THE 
HIPPOCAMPAL MEMORY HYPOTHESIS 


by JAMES A. HOREL 
Vol. 101, 403-445 


P. 411, lines 36-43. Delete ‘Another way to make the task non-spatial... hippo- 
campal animals have no deficit’ and substitute: 


*Hippocampal lesions also produce severe deficits on spatial reversals but not 
object reversals. In the spatial reversal task, the animal is first rewarded for 
choosing the left one of two identical objects. After it learns to do this, the 
rewarded side is reversed and it must then learn to respond to the object on the 
right. This reversal is repeated several times. The object reversal is a non-spatial 
version of the same task. The procedure is the same except that two different 
objects are used and the animal is trained to respond first to one object, then to 
the other. On each trial, the side upon which the objects appears varies randomly. 


‘Thus if the spatial aspect of these tasks is eliminated, hippocampal animals 
have no deficit...’ 


The Author and Editors regret the error. 


Brain (1978), 101, 569-589 


HEMISPHERE FUNCTION AND BINOCULAR 
DEPTH PERCEPTION 


by б. DANTA,! R. C. HILTON and D. J. O'BOYLE 


(From the Neurology Department, Manchester Royal Infirmary 
and the Department of Psychology, University of Manchester) 


INTRODUCTION 


AN almost total loss of stereoscopic vision and depth perception is a highly unusual 
consequence of brain injury. Those patients described in the literature (Riddoch, 
1917; Holmes and Horrax, 1919; Faust, 1947; Birkmayer, 1951; Critchley, 1953; 
Hécaen and de Ajuriaguerra, 1954; Hécaen and Angelergues, 1963), typically 
remarked that everything in the visual world seemed to lie in the same frontal plane 
and that objects no longer possessed visual depth or thickness. As a result, although 
a limited ability to distinguish whether objects are very near or very distant may be 
retained (Riddoch, 1917), relative or absolute localization in the sagittal plane 
becomes a matter of logical reasoning. For example, upon being asked to calculate 
the distance, from himself, of the opposing wall of the room in which he was seated, 
the patient described by Hécaen and Angelergues (1963) was constrained to multi- 
ply the number of intervening floor tiles by their apparent individual width in 
order to arrive at an answer. Less dramatic disorders of visual depth perception 
have, on the other hand, been reported rather more frequently (Badel, 1888; Pick, 
1898; Anton, 1899; van Valkenburg, 1908; Bielschowsky, 1908; Smith and 
Holmes, 1916; Yealland, 1916; Poppelreuter, 1917/18; Holmes, 1918a, b; Riddoch, 
1935; Brain, 1941; Paterson and Zangwill, 1944; Stengel, 1944; Symonds, 1945; 
Bender and Teuber, 1947, 1948; Martin, 1949; Best, 1952; Gooddy and Reinhold, 
1952; Ettlinger, Warrington and Zangwill, 1957; Cogan, 1960, 1965; Cole, Schutta 
and Warrington, 1962; Hécaen and Angelergues, 1963; Godwin-Austen, 1965; 
Michel, Jeannerod and Devic, 1965), and range from a very severe impairment 
(Michel, Jeannerod and Devic, 1965) to a mere reduction in stereoacuity (Paterson 
and Zangwill, 1944). 

In more than half of the reported patients, lesions involved both cerebral 
hemispheres (27 of 46 cases); they were confined to the right hemisphere in 1 1 and 
to the left in 4; the site of lesion was uncertain in 4 patie the majority of 
patients the site of lesion was determined clinically and o ients had come 
to autopsy. In all cases impaired depth perception wa у other 
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symptoms of hemispheric dysfunction, the commonest being a visual field defect 
present in 35 of the 46 patients. It was recorded as absent in 8, and not alluded to in 
3 patients. 

Holmes (19185) argued that the defects of visual localization observed in his 
patients could be directly attributed to the cerebral lesions affecting ‘the local sign 
function of the retinz'. This view that other associated signs are without necessary 
etiological significance in the production of disordered depth perception has met 
with criticism, notably from Piéron (1927), and indeed, as Kleist (1934) has pointed 
out, problems of relative localization may, on occasions, be secondary to the 
presence of visual field defects or anomalous fixation. Nevertheless, the more recent 
literature tends to support the notion that disorders of depth perception may arise 
as a primary consequence of cerebral injury. For example, it seems improbable 
that the gross impairment of depth perception sustained by Symonds’ (1945) 
patient, following injury to the right occipital region, was caused by the reduced 
range of convergence and the small scotomas in the left homonymous inferior 
quadrants which together constituted the only other discernible signs. 

An analysis of actual or presumed sites of lesions within the hemispheres among 
the reported cases supports Holmes' (19185) original remark that lesions within 
a region centred upon the posterior parietal lobe and extending into surrounding 
occipital and temporal gyri are especially implicated in the production of dis- 
ordered visual depth perception. Nevertheless, the literature suggests that the 
possible involvement of other areas such as the medial portions of the occipital 
lobe (Holmes, 19185; Ettlinger, Warrington and Zangwill, 1957) and the splenium 
of the corpus callosum (Holmes, 19185; Mitchell and Blakemore, 1970) cannot be 
discounted, particularly in view of the absence of autopsy data in the majority of 
case reports. | 

Whilst bilateral lesions were implicated in the majority of instances, it has been 
repeatedly confirmed that unilateral lesions in either hemisphere may give rise to 
impairment in the contralateral hemifield. These findings led Brain (1941) to 
conclude that the neural mechanisms underlying visual localization are not subject 
to the dominance of one hemisphere. A number of subsequent studies lends support 
to this view. Hécaen and Angelergues (1963), for example, studied 215 patients 
with lesions posterior to the central sulcus and found that impaired depth 
perception, when it occurred, was not preferentially associated with unilateral 
lesions in one hemisphere rather than the other, but in fact more commonly 
followed bilateral lesions. Similarly, Lehmann and Wilchli (1975), on the basis of 
another group study, suggested that the laterality of a lesion was not of significance 
in determining performance on the Titmus stereotest. 

However, in 1951, Zangwill, after briefly describing four patients, in all of whom 
a right-sided lesion was associated with mildly impaired depth perception in 
central vision, commented that 'such defects appear to bear a rather special 
relation to the parietal lobe of the minor hemisphere’. Several other cases of 
impairment in central vision following lesions thought to be restricted to the right 


BINOCULAR DEPTH PERCEPTION 5971 


hemisphere have been described (Symonds, 1945; Critchley, 1953; Ettlinger, 
Warrington and Zangwill, 1957). It is also of interest in this context that Cogan's 
(1965) first patient, who eventually suffered a biparietal lesion, complained of 
reaching beyond objects prior to the development of signs indicating involvement 
of the left hemisphere. 

Birkmayer, also writing in 1951, reported that of 70 brain-injured patients with 
impaired depth perception, 53 (76 per cent) had a left-sided and 13 (19 per cent) 
a right-sided hemianopia. More recently, Carmon and Bechtoldt (1969) found that 
right hemisphere lesions produced marked deficits on a stereoscopic task using 
random letter stereograms, whereas patients with left hemisphere lesions performed 
at the level of neurologically intact controls. Using the same stimulus materials, 
Benton and Hécaen (1970) replicated this finding and also reported a reversal of 
the relationship in two left-handed subjects. Furthermore, similar conclusions of 
a right hemisphere dominance for stereopsis were drawn by Durnford and Kimura 
(1971) from a study of normal subjects using split-field tachistoscopic presentation 
of both random-dot stereograms and a two-rod apparatus. 

This emerging picture of a right hemisphere dominance is, however, somewhat 
confused by several other studies. Cogan (1960), for example, briefly described 
a patient who complained of disordered depth perception in central vision and 
who had a tumour in the left parieto-occipital area. Similarly, Rothstein and Sacks 
(1972) found that greater impairment of performance on the Titmus stereotest 
was associated with unilateral parietal lesions on the left rather than on the right. 
Richards (1970), moreover, in a tachistoscopic study not specifically directed at 
this question of hemisphere dominance, found a greater probability of wide-field 
disparity detection following stimulus presentations in the right hemifield than in 
the left hemifield, in 75 normal subjects ranging between 5 and 70 years of age. 

In the present study, we attempted to examine these questions further by testing 
the stereoacuity of a number of patients with focal lesions restricted to one 
hemisphere, using two different experimental procedures. 


METHODS 
1. The ‘Dropping Bead’ (DB) Method 


This was based upon Hering’s (1865) ‘Fallapparat’. Facing the subject was a cubic box which was 
finished with a matt black exterior and matt white interior. Through a central aperture in one side, the 
subject saw the white back face diffusely lit by a fluorescent light which was fitted to the ceiling of the 
box and consequently was not directly visible. On a horizontally strung white cotton thread was centrally 
mounted a dark blue stationary bead one cm in diameter. Identical beads could be dropped up to 19:5 ст 
directly in front of or behind it through two moveable funnels fitted in a slot in the top face of the box. 

The subject sat with his head held in a harness so that the stationary bead, on which he was asked 
to fixate throughout the experimental procedure, was at eye-level and 300 cm from the eyes. The room 
was darkened and the subject saw only the lighted aperture, the back face of the box and the stationary 
bead. Two plumb lines, situated 24 cm in front of, and behind, the stationary bead, were lowered and 
the position of the box was adjusted so that both lines, and the stationary bead between them, appeared 
to the subject directly in line as he gazed at the bead with both eyes. This position was checked by the 
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experimenter who viewed the box from just above the subject's head. The plumb lines were then with- 
drawn. Before beads were dropped, the subject was given time to adapt to the constant level of uniform 
background illumination provided by the hidden fluorescent lighting. The floor of the box was thickly 
padded with cotton wool to eliminate auditory cues. Ten beads were dropped in random order at 
displacement distances of 1-5, 4-5, 7-5 and 10-5 cm both in front of, and behind, the stationary bead. The 
subject was asked to state each time whether he thought the bead fell in front of, or behind, the stationary 
bead, and to guess when uncertain. The number of errors was recorded at each of the distances, the 
range of which was extended by 3 cm intervals, if necessary, to a maximum distance of 19-5 cm, until 
the subject responded correctly on 95 per cent (19/20) trials. The duration of visible beadfall, through a 
vertical angle of 8-4 degrees, was 196 ms. 


2. The Haploscopic Method 


Two miniature bulbs (1-12 watts, powered by a DC stabilized source) were each mounted in a small 
box, each of which had a circular aperture 2 mm in diameter. The two boxes were mounted on an optical 
bench so that, at eye-level and at a distance of 250 cm from the eyes, the subject saw two lights side 
by side in the same frontal plane, one through, and one reflected by, a half-silvered mirror. Each light 
thus subtended an angle of 2-75 min of arc at the eye. Polaroid discs were fitted in front of the subject's 
eyes and in front of each light source so that the light on the right was seen only by the right eye, and 
the one on the left only by the left eye. When he looked at the light sources, the subject therefore perceived 
a single light located in space (fused dot) as a consequence of binocular fusion. The fused dot could be 
made to approach the subject by approximating the two light sources and to recede from him by 
separating them. The degree of separation of the lights was controlled by a dial calibrated in arbitrary 
units. This calibration was frequently checked. The position of the fused dot in depth could be related 
by the subject to an illuminated wire-mesh screen which itself presented no spatial cues, and which was 
mounted on the same optical bench. 

The subject sat in a darkened room with his head held in a harness at a distance of 300 cm from 
the screen. He was first required to adjust the brightness of the screen until it was of the same intensity 
as that of the fused dot. The separation of the two light sources was then so adjusted that, to the subject, 
the fused dot appeared to lie directly below the screen in the same frontal plane. This was repeated ten 
times and a mean reading (x) calculated. The light source separation was then systematically varied 
about this mean separation (x) so that the fused dot appeared at random a given distance in front of, 
or behind, the screen at distances corresponding to 2, 6, 10 and 14 dial units. The subject was again 
forced to state on each trial whether the fused dot lay in front of, or behind, the screen and errors were 
recorded. Ten trials were run at each of the displacement distances and the range extended in intervals 
of 4 dial units, if necessary, until the subject responded correctly on 95 per cent (19/20) trials. The lights 
and screen were occluded from the subject's gaze between trials. A measure of the relationship obtaining 
between light-source separation (dial units) and subject-to-fused dot distance was derived by repeating 
the procedure outlined above for the calculation of x, at subject-to-screen distances of 290 and 310 cm 
for each subject. 


SUBJECTS 


Fifty-four patients with single focal lesions restricted to one cerebral hemisphere were examined: 
26 patients had lesions in the right hemisphere and 28 had lesions in the left hemisphere. All patients 
were right-handed with the exception of two patients with left hemisphere lesions. Details of the age and 
sex of subjects are given in Table 1. The patients were studied during a period of eighteen months and 
were selected from the Neurological and Neurosurgical Departments according to a number of criteria: 
(i) signs and symptoms indicated a single lesion confined to one cerebral hemisphere; (ii) visual acuity 
was 6/9 6/9 (Snellen) or better; (iti) there was no clinical evidence of eye-movement disorder ; (iv) patients 
were sufficiently well to co-operate reliably in the experimental procedure which lasted up to one-and-a- 
half hours. Consequently, relatively well patients, rather than those severely disabled, were studied. 
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TABLE 1. NUMBERS, AGES AND SEXES OF PATIENTS WITH RIGHT AND LEFT 
HEMISPHERE LESIONS AND OF CONTROL SUBJECTS 





Age (years) Sex 
Subjects No. Mean SD SE | Range M Е 
Right hemisphere 26 49-6 12:82 251 18-73 20 6 
Left hemisphere 28 471 12-37 234 14-70 18 10 
АП patients 54 483 12:53 171 14-73 38 16 
Controls 51 43.1 1319 185 19-71 3| 32320 


No patient complained of any disturbance of his visual environment unless a field defect was present; 
or, in particular, of difficulty in judging distances. 

From 32 patients, cerebral angiograms, air studies, brain scans or operative reports were available 
for more precise localization of the lesion. The extent of the lesions in these patients was traced inde- 
pendently onto plain skull radiographs by a radiologist. These traces were then superimposed on traces 
of average skull radiographs to produce composite diagrams of the approximate size and location of 
lesions in groups of patients (fig. 3). 

Fifty-one subjects constituted the control group; 40 were examined using both test situations, and 
the remaining 11 using either one or the other. Forty-three patients were in hospital and 8 were normal 
subjects. None of the subjects had signs of ocular abnormality, neurological disorder or a history of 
squint or diplopia. Age and sex distributions of subjects are given in Table 1. 

Neither patients nor control subjects had previously had any experience of similar or related 
procedures. 

Visual acuity in each eye was determined by asking the subject to read the Snellen chart at a distance 
of 6 m. The interpupillary distance was measured with a ruler, as the subject fixated on a light source 
300 cm distant. The mean was taken of two readings obtained independently by two observers. Phoria 
was determined in prism dioptres. 


Method of Data Analysis 


The data obtained with each test procedure consisted of the number of errors out of ten made by the 
subject at each of several distances behind and several distances in front of the reference point. We 
adopted the method of linear interpolation to extract a measure of stereoacuity from our 'constant 
stimuli data. Results were graphed plotting the range of displacement (disparity) distances against the 
proportion of ‘in front’ responses at each of these distances. The near (proximal) and far (distal) 
thresholds (T, and Tj) were arbitrarily set at the 0-75 and 0-25 probability levels, respectively, indicating 
the displacement distance at which the falling bead or ‘fused dot’ was correctly perceived as being in 
front or behind the reference point with a probability of 0:75. These values may be obtained by using the 
following expression (Corso, 1970): 

T, = Sb-- (Sa — Sb) (С РЫ) (Ра — Pb) cm 
where T, —the proximal (or near) threshold 
Sa —the stimulus value immediately above T, 
Sb-—the stimulus value immediately below T, 
Pa —the proportion of ‘nearer’ judgements for the stimulus value immediately above T, 
Pb=the proportion of ‘nearer’ judgements for the stimulus value immediately below T, 
C —the proportion of judgements defining the threshold criterion. 

The linear thresholds (T, and T,), whose sum gave the ‘interval of uncertainty’ (IU), were then 
converted to thresholds of angular disparity (э, and 7,) and were calculated from both the haploscopic 
and the dropping bead data for each subject (fig. 1). 
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Fic. 1. Calculation of angular thresholds. x--interpupillary distance; y= observation distance to fixation or 
reference point Е; T, T, —far and near linear thresholds. For small angles: 
xT: — 648,000 
Far angular threshold (n) =b а= Te 
s of arc. 
T; 
Near angular threshold (т) -c—b ym x 648,000 


s of arc. 


In the case of the haploscopic data, the displacement distances in cm corresponding to dial units of 
2, 6, 10 and 14 were calculated from the individual calibration data at the subject-to-screen distances of 
290 and 310 cm. 

Among control subjects, group mean IU values did not differ significantly between any of the four 
visual acuity groups on either of the two methods used for assessing stereoacuity (Table 2). Consequently, 
for each method, data from all control subjects were pooled to yield an overall mean IU and standard 
deviation. x? for goodness-of-fit to a normal distribution revealed low P values for both sets of TU data 
(DB, P = 0-02; haploscopic, P = 0-004). Of a number of transformations, the log transformation in both 
cases yielded the highest P values (DB, P == 0-72; haploscopic, P — 0-04) and was therefore used to set up 
‘tolerance limits of abnormality’. According to either method, we chose to accept a patient as having 
abnormal stereoacuity if the log IU value exceeded the control mean log IU value by more than three 
standard deviations. 


TABLE 2. RESULTS AMONG CONTROL SUBJECTS IN S OF ARC 





Dropping bead Haploscopic 

Visual acuity n — Mean IU n Mean IU 
6/5-6/6 14 45 (18) 14 63 (31) 
6/6-6/6 12 49 (31) 9 60 (39) 
6/6-6/9 9 41 (9) 10 67 (27) 
6/9-6/9 14 56 (35) 9 67 (25) 


IU — Interval of uncertainty. Numbers in brackets standard deviations. 
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For several subjects, however, it was not possible to calculate IU values. In the case of the haploscopic 
procedure, 7 patients were completely unable to fuse the two images of the haploscopically presented 
stimuli (NF) and 10 patients, having been able to fuse, proved incapable of discriminating the position 
of the fused light with respect to the reference object (ND). Such performance was considered abnormal 
because of the complete absence of such difficulties among control subjects, and the results of these 
patients were therefore included in the Tables and analyses among those with abnormal IU values, 

IU values derived from the use of the DB procedure were also incalculable for two patients with right 
hemisphere lesions. Both patients made very few or no errors when beads were dropped behind the 
stationary bead, but were still making 80 per cent of errors at a dropping bead displacement distance, 
in front, of 19-5 ст. Such performance was also considered abnormal in view of its singularity. 


RESULTS 


Control subjects were allocated on the basis of visual acuity to one of four 
groups: 6/5 6/5, 6/6 6/6, 6/6 6/9 and 6/9 6/9. Table 2 shows mean IU values obtained 
from experiments using both methods. In neither the dropping bead nor the 
haploscopic results did the IU values differ significantly among the visual acuity 
groups (Mann-Whitney U test). Calculation of the Spearman rank correlation 
coefficient (г,) and associated t-value (Siegel, 1956), revealed that stereothreshold 
values derived from the dropping bead procedure were correlated at a low and 
авад шашай! level witk PAUSE derived from the haploscopic procedure 


‘Results of the dapi bend Sele among patients are presented in Table 3. 
x? test reveals no significant difference in performance between the two hemisphere 
BO (x? = 1:449; df= 1). 


TABLE 3. INCIDENCE AMONG PATIENTS OF ABNORMAL VISUAL DEPTH PERCEPTION 
AS ASSESSED BY THE TWO METHODS 


Dropping bead method Haploscopic method 
Subjects Proportion Percentage Proportion Percentage 
Left hemisphere 4/25 16 5/24 21 
Right hemisphere 9/26 35 16/24 67 
Controls 0/49 0 0/42 0 


Table 3 also shows the corresponding results for the haploscopic task. Two- 
tailed x? indicates that the respective performances of the two hemisphere groups 
differ significantly on this test (x? = 8-466; df = 1; P < 0-01). The supposition that 
this difference might simply be due to a significant age difference between the two 
hemisphere groups has no statistical support (t—0-449; df —46). 

Table 4 shows the proportion of patients in each hemisphere group who, on the 
haploscopic task, could not fuse the light sources (NF) or, having fused them, 
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could not discriminate the position of the fused light (ND). Construction of 2 х 2 
contingency tables and use of x? showed that only in the latter case (ND) were 
patients distributed significantly asymmetrically among the two hemisphere 
groups, and then only according to a one-tailed test (NF: 32—2:676; df=1. 
ND: 3? = 3:158; df = 1; P < 0:05, one-tailed test). If, however, the NF and ND 
data are pooled, then a clearly significant difference between the two hemisphere 
groups is apparent (x? = 9-108; df = 1; Р < 0-01, two-tailed test). 


TABLE 4. COMPARISON OF HEMISPHERE GROUPS WITH REFERENCE TO PROBLEMS OF 
FUSION AND DEPTH DISCRIMINATION ON THE HAPLOSCOPIC TASK 











Fusion possible but no No fusion or depth 
Fusion impossible depth discrimination discrimination 
Percentage Percentage Percentage | Percentage Percentage Percentage 
Subject of total of abnormal of total of abnormal of total of abnormal 
Left hemisphere 4 20 8 40 13 60 
(n —24) (1/24) (1/5) (2/24) (2/5) (3/24) (3/5) 
Right hemisphere 25 38 33 50 58 88 
(n 24) (6/24) (6/16) (8/24) (8/16) (14/24) (14/16) 


In Table 5 the results are set out in a different way. The last two columns show 
the proportion of subjects who, having produced abnormal results on one task, 
also produced abnormal results on the other. Use of Fisher's exact probability 
test (Siegel, 1956) on 2 х 2 contingency tables constructed from columns ‘normal 
DB/abnormal DB’ and rows ‘normal haploscopic/abnormal haploscopic’ revealed 
no significant association between results of the two tests for the left hemisphere 
group (P — 0-194). However, a significant association (one-tailed test) between 
respective performance on the two tasks was revealed for the right hemisphere 
group (P — 0-033), largely due to the fact that all right hemisphere patients who 
produced abnormal results on the DB task also did so on the haploscopic task. 


TABLE 5. COMPARISON OF HEMISPHERE GROUPS ON RESULTS OF THE Two TASKS 


Abnormal on — Abnormal оп Abnormal on one Abnormal on Abnormal of both Abnormal on both 
dropping bead — haploscopic or the other both abnormal on DB abnormal on haploscopic 
Left hemisphere 16% 21% 275 9% 50% 40% 
(4/25) (5/24) (7/26) (2/23) (2/4) (2/5) 
Right hemisphere 32575 67% 69% 29% 10077 447, 
(9/26) (16/24) (18/26) (7/24) (7/7) (7/16) 


Apparent discrepancies in some figures due to not all subjects being tested by both methods. 


Fig. 2 is based on clinical assessment and shows the incidence of involvement 
of each of the four hemispheric lobes and of the internal capsule for each hemi- 
sphere group. The sum of all columns in each histogram totals more than 100 per 
cent because some lesions implicated more than one lobe. Whilst we are aware 
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of the limitations of cerebral localization based upon clinical evidence, it is 
apparent that, within the left hemisphere group, there is a skew towards more 
anterior lesion placements and, within the right hemisphere group, a skew towards 
more posterior placements. This asymmetry arose largely as a result of excluding 
patients who, because of a significant dysphasia, were not able to participate 
adequately in the experimental procedure. 


Haploscopic Task 


LH RH 


10096 100% 


50 





" : F T P O : 
Nos. Nos. 4 7 13 7 2 
Dropping Bead Task 
LH RH 
10096 10076 


50 





EZ 
F T P о IC F т 


Nos. 11 10 8 2 2 Nos. 4 7 14 7 3 


Fic. 2. Number of lesions clinically implicating the frontal (Е), temporal (T), parietal (P) or occipital (О) lobes 
or the internal capsule (IC), expressed as a percentage of total number of patients with left and right hemispheric 
lesions studied by each method. 


In 32 cases it was possible to localize the site of a hemispheric lesion more 
accurately from investigative procedures as described earlier. The composite 
diagrams derived from these procedures are shown in fig. 3. 

Fig. 4 was derived from the lesion data of all 54 patients and shows, for each 
task and for each hemisphere, the number of times a lesion implicating a particular 
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, C , F 


Fic. 3. Approximate extent and location of lesions, whose numbers are bracketed, superimposed on lateral 
skull x-rays 
test (1, 4); 
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lobe or the internal capsule was associated with abnormal performance. This datum 
is expressed as a percentage of the total number of lesions implicating that lobe 
in order to compensate to some extent for the asymmetrical distribution of lesions 
within the two hemisphere groups. 


Haploscopic Task 


LH RH 





Dropping Bead Task 

LH RH 
100% 100% 
50 50 
STAT F T P O IC : 
Nos. 25 п 10 8 2 2 No. 





Fic. 4. Percentage of patients performing abnormally on the two tests out of all patients with clinical 
involvement of the frontal (F), temporal (T), parietal (P) or occipital (O) lobes or the internal capsule 


Пс). 


Damage to the primary visual projection pathway, indicated by the presence of 
field defects, was present in 10 subjects; 9 of whom had abnormal stereopsis 
according to one or other of the two tasks. Examination of figs. 1 and 3 reveals, 
with this exception, no simple relationship between site of lesion and stereoscopic 
abnormality and that such impairment is not invariantly associated with damage 
within any single lobe in either hemisphere. 

No difference in the incidence of abnormalities in stereoacuity could be shown 
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between any of the following patient group pairs, the separation having been made 
on clincial grounds: (i) neurological signs present vs signs absent; (ii) duration of 
history <1 yr vs duration >1 yr; (iii) cerebral tumours vs cerebral infarcts; 
(iv) left hemisphere lesions: past or present dysphasia vs no dysphasia ; (v) intra- 
cranial hypertension vs no hypertension; (vi) extracerebral (meningiomas, 
subdurals) vs intracerebral lesions. 

The details included in Tables 3-5 inclusive and figs. 2-4 inclusive concern 
right-handed patients only. The two left-handed patients with left hemisphere 
lesions were omitted from analyses concerning the comparison of the two hemi- 
sphere groups. Both these patients performed within control limits on each of 
the two tasks. 


DISCUSSION 


A large proportion of our patients with focal lesions of the cerebral hemispheres 
were found to have impaired stereopsis, confirming the views expressed by 
Poppelreuter (1917/18) and by Birkmayer (1951) that damage to the hemispheres 
frequently disturbs stereoscopic perception. That none of our patients, even when 
specifically asked, expressed any difficulty in judging visual depth or distance in 
everyday life argues that depth cues other than horizontal retinal disparity 
adequately compensated for their defect in stereoacuity. Indeed, varying degrees 
of stereoscopic abnormality are to be found in a certain proportion of the ‘normal’ 
population (Richards, 1970). Therefore, unless an individual has some habitual, 
perhaps occupational, need for the precision in relative depth perception which 
stereopsis affords, some degree of impairment may well go unnoticed. 

One criterion for the selection of patients was good visual acuity and the absence 
of oculomotor disorders. It is possible that some may have had impairment of 
convergence too small to be detected clinically, but large enough to impair fine 
stereopsis. However, it is unlikely that hemispheric lesions could account for the 
high incidence of stereoscopic abnormalities merely by way of slight impairment of 
convergence. 

Disordered stereopsis did not correlate with the presence of sensory or motor 
signs in the limbs, the presence of dysphasia, raised intracranial pressure, length 
of history of the hemispheric disorder, or the etiology of the lesion. It did, however, 
correlate with the presence of visual field defects, since 9 of 10 patients with a field 
defect had abnormal stereopsis. These findings conform to those contained in 
published reports and indicate that, with the exception of visual field defects, 
disordered stereopsis is not necessarily related to the presence of other ocular or 
neural signs or symptoms. 

Although field defects are commonly associated with disordered depth 
perception, this is not invariable. Teuber, Battersby and Bender (1960), for 
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example, described a patient (A29) with normal stereoscopic vision in the presence 
of tunnel vision following a lesion of the left hemisphere. Similarly, one of our 
patients who had a complete left homonymous hemianopia with macular sparing 
at the time of testing, had normal stereoacuity as determined by both methods. 
These considerations support Holmes’ (1918by view that when hemispheric lesions 
give rise to disordered depth perception, any associated signs, including visual 
field defects, are without necessary etiological significance in its production. 

The fact that in many of our patients with abnormal stereoscopic vision there 
was no clinical evidence of disturbance of the primary visual pathway and that, 
in several instances, the lesion was remote from it, is of interest in view of the 
discovery of binocularly-driven cells in area 17 in the cat (Barlow, Blakemore and 
Pettigrew, 1967) and area 18 in the monkey (Hubel and Wiesel, 1970) which might 
serve as a substrate for binocular single vision and depth discrimination. Although 
direct electrophysiological evidence is not yet available, psychophysical 
experiments with human subjects have indicated the probable existence, within 
the human brain, of disparity-detecting neurons similar to those found in the cat 
and monkey (Mitchell and Baker, 1973). Although these studies indicate that the 
integrity of the human visual cortex may be a necessary prerequisite for normal 
stereopsis, our data suggest that it is not a sufficient one and that neural mechanisms 
in other areas of the brain, including regions lying outside the occipital lobes, have 
a significant role to play. 

We found differing modes of abnormal ВРЕ Е in the haploscopic task 
(Table 4). Seven patients were totally unable to fuse the images of the two light 
sources or to localize the diplopic images, in depth, with respect to the screen. Of 
these patients, only 2 had lesions implicating the occipital lobes. Although there is 
evidence for binocular interaction at the level of the lateral geniculate nucleus 
(Sanderson, Darian-Smith and Bishop, 1969), binocular fusion is generally 
considered to be a cortical process and according to modern neurophysiological 
theory is subserved by mechanisms within the striate cortex (Bishop, 1973). Our 
data suggest that fusion may be disrupted by lesions outside the occipital lobes in 
areas which are presumably involved in processing subsequent to initial fusion in 
the striate cortex. However, in the absence of data derived from the use of other 
tests of fusional ability, it remains unclear whether the absence of fusion on the 
haploscopic task reported by these patients represents a severe impairment of 
stereoscopic perception or conforms to a qualitatively different abnormality of 
visual function. Information in the clinical literature concerning this issue seems 
singularly lacking. Although disorders of fusion may be common following 
traumatic head injury (Neely, 1947; Wade, 1965; Doden and Bunge, 1965; Hart, 
1969), and several authors have briefly described difficulties of fusion in the 
stereoscope within the context of wider-ranging neurological case reports (Bender 
and Teuber, 1947/48; Michel, Jeannerod and Devic, 1965), we are unaware of any 
published studies concerned directly with the effect of focal brain damage on 
binocular fusion. 
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A second mode of abnormal performance on the haploscopic task was repre- 
sented by 10 patients who, having fused the light sources, were then totally unable 
to discriminate the depth of the fused image with respect to the screen (Table 4). 
The occipital lobes were implicated in only 3 of these patients. This suggests that 
the neural processes underlying binocular single vision, and binocular depth 
discrimination, might to some degree be functionally dissociable. A related 
disturbance appears to have been described by Symonds (1945) whose patient, 
although able to fuse two stereoscopically-presented scenes of a landscape, was 
unable to discriminate the relative positions in depth of the objects and features 
depicted therein. 

Such considerations do not arise with respect to the dropping bead procedure 
in which, as for the remaining patients abnormal on the haploscopic task, abnormal 
performance was defined in terms of an elevated stereothreshold; with two 
exceptions. Two patients with lesions in the right hemisphere made very few errors 
when beads were dropped behind the stationary bead, but were unable to 
discriminate when beads were dropped in front. Richards (1970) has argued that, 
in the human visual system, there are three distinct populations of disparity- 
specific cells subserving the detection of, respectively, convergent, divergent and 
zero disparities, and that in a proportion of the normal population, one or more 
of these classes of cell may be absent or non-functional. It is therefore tempting to 
conjecture that, in these two patients, neural mechanisms underlying the detection 
of convergent disparities may have been selectively disrupted by the lesions. 
However, had this simply been the case, we should have expected, in a two-choice 
forced discrimination procedure, that convergent disparities would have been 
correctly identified, by inference, as not being divergent disparities. The exact 
nature of the deficit in these two patients therefore remains unclear as does the 
question of whether the three classes of cells postulated by Richards may be 
differentially affected by focal brain lesions. 

The haploscopic data (Tables 3 and 4) indicate that abnormal stereopsis was 
more common among patients with right hemisphere lesions. A similar directional 
trend is apparent in the dropping bead data although the difference between the 
hemisphere groups was not statistically significant. Whilst these results are 
consistent with those from other clinical group studies suggesting a right hemi- 
sphere ‘dominance’ for stereopsis (Birkmayer, 1951; Carmon and Bechtoldt, 
1969; Benton and Hécaen, 1970), it might be argued that these data may be 
explained more simply and without necessary recourse to a hypothesis couched in 
terms of hemispheric functional asymmetry. 

Lehmann and WaAlchli (1975), for example, having shown that intellectual 
impairment may cause a significant decrement in performance on the Titmus 
stereotest, suggested that the pattern of results outlined above may be related to 
a predominance of intellectually impaired patients among the right hemisphere 
groups. This might commonly arise in group studies, they surmise, because left 
hemisphere cases tend to present clinically earlier than 'equivalent' right hemi- 
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sphere cases because of impairments of speech and of the use of the preferred hand, 
and because severe left hemisphere cases will tend to be excluded from experimental 
study in view of the difficulties posed by dysphasia. Thus they point out that the 
mean ages of the right hemisphere groups in the experiments described by Carmon 
and Bechtoldt (1969) and by Benton and Hécaen (1970) were significantly higher 
than those of the corresponding left hemisphere groups. 

Although we do not have any data directly bearing on this matter, we believe 
that it is unlikely that our results are explicable in these terms for two reasons. 
First, the mean ages of our two hemisphere groups did not significantly differ. 
Secondly, our criteria for the selection of patients naturally screened out those 
with relatively more severe CNS impairment who might consequently have been 
expected to have had significant intellectual impairment. 

A related, and possibly more substantial, explanation is suggested by the 
asymmetrical distribution of lesions within the two hemispheres (fig. 2), especially 
since published case studies indicate a special role for the parieto-occipital area in 
spatial localization. | 

Such an asymmetry is likely to occur in any hemisphere group study unless 
particular attention is paid to matching lesion sites across groups. It is therefore 
unfortunate that incomplete details of sites of lesions are given by Benton and 
Hécaen (1970) and none at all by Carmon and Bechtoldt (1969) especially as both 
studies used small groups of patients (12 or fewer for each hemisphere group). 
Significantly, Hécaen (1975) in a further and unpublished investigation, using the 
same stimulus materials and methods, found no significant differences in 
performance between two hemisphere groups consisting of equivalent numbers 
of pre- and post-Rolandic lesions (RH: pre-R —11; post-R—14. LH: pre-R —14; 
post-R — 14). Hécaen and Angelergues (1963) had, in fact, reported earlier similar 
results following the examination of a large number of patients with post-Rolandic 
lesions (LH —87; RH —104; bilateral — 24) using several apparently nonquantita- 
tive tests of stereoscopic vision and depth perception. Rothstein and Sacks (1972) 
on the other hand, restricting their attention to parietal lesions, suggested a left 
hemisphere dominance for stereopsis, although their use of very small patient 
groups (LH 22; RH —8) must render such conclusions precipitate. 

The results of these investigations indicate that clinical studies of groups 
unmatched with respect to site of lesion may have only a limited, and perhaps 
misleading, bearing on the question of whether or not depth perception and 
stereopsis is a function to which hemisphere dominance applies. Bearing in mind 
that the present study is not, of course, exempt from this stricture, the shapes of 
the histograms in fig. 2 suggest that lesions within the temporal, parietal and 
occipital lobes in the right hemisphere are of greater consequence in the production 
of impaired stereopsis than lesions within the equivalent areas in the left hemi- 
sphere, especially with respect to the dropping bead task, than lesions within the 
frontal lobes of the right hemisphere. On the other hand, lesions in the left hemi- 
sphere which are associated with such impairment appear to lie preferentially in 
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the frontal and temporal regions. We should stress, however, that conclusions 
drawn from fig. 4 must be considered extremely tentative in view of the fact that 
several of the columns in the histograms were constructed on the basis of very 
small samples and because in many cases lesions were not restricted to a single lobe. 

Our two left-handed patients with left-sided lesions performed normally on 
both tasks, in contradistinction to the two sinistrals described by Benton and 
Hécaen (1970). One, with a left hemisphere lesion, performed defectively on the 
random-letter stereogram task, whereas the other, with a right-sided lesion, 
performed erroneously. Although the number of patients is clearly too small to 
allow us to draw any useful conclusions concerning hemisphere dominance for 
stereopsis in sinistrals, especially as it is known that hemisphere organization in 
sinistrals is not simply a mirror-image of that found in dextrals (Gloning, Gloning, 
Haub and Quatember, 1969), the contradictory nature of these results emphasizes 
the need, in hemisphere dominance studies, for details of manual laterality. Such 
information is lacking not only in the majority of clinical case reports, but also in 
many of the group studies (Carmon and Bechtoldt, 1969; Durnford and Kimura, 
1971; Lehmann and Wailchli, 1975). 

The clinical case literature and the split-field tachistoscopic studies of normal 
individuals do not appear to add significantly to our understanding of this problem. 
Although impaired depth perception in central vision has been more commonly 
reported to follow lesions in the right rather than lesions in the left hemisphere, 
the total number of such case reports is small and only in one instance (Ettlinger, 
Warrington and Zangwill, 1957) was there confirmation at autopsy that the lesion 
was unilateral. The report of superior depth perception and stereopsis in the left 
visual field of normal subjects by Durnford and Kimura (1971) appears to be 
contradicted by the results of a similar study by Richards (1970) and is not 
supported by our own unpublished data. Unfortunately, there are no published 
accounts of experiments of this nature conducted using split-brain patients. 

Of the several factors which have contributed to the present state of confusion, 
one of the most important concerns the large variety of tests which have been used 
by different investigators to assess stereopsis and depth perception. The degree to 
which the results derived from the use of these varying procedures are directly 
comparable is far from clear. It is known, for instance, that the magnitude of 
stereothresholds will vary with the nature of the tests and the psychophysical 
procedures used to determine them. The lack of significant rank order correlation 
between the respective performance of our control subjects on the dropping bead 
and haploscopic procedures is consistent with this fact. Furthermore, the neural 
mechanisms underlying normal performance on the various tests are certainly not, 
in each case, identical. Table 5 shows that the performance of our patients with 
brain lesions was by no means the same on each of the two tasks, and, in fact, of 
those patients who were tested on both tasks and were abnormal according to 
one or the other, only 39 per cent (9/23) were abnormal according to both. Similar 
findings were reported in 1951 by Birkmayer who tested a large number of patients 
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with brain damage on each of four standard tests of visual depth perception and 
repeatedly found that individual performance varied markedly with the type of 
test. Several patients, for example, performed normally on one test, only to fail 
completely on another. Fewer patients performed abnormally on the dropping 
bead procedure than on any of the other three tests, suggesting, as Birkmayer 
points out, that distances of moving objects are more readily and accurately 
perceived than of stationary ones. 

That cerebral lesions may differentially affect depth discrimination of moving 
and stationary objects is illustrated by Case 8 (M.P.) described by Birkmayer 
(1951). The patient had ‘good depth perception’ when tested by the dropping bead 
procedure, and yet described that objects more than about 1:5 m distant appeared 
almost in one plane. He found that head movements helped depth discrimination 
and that, whereas he could not discriminate depth or judge distances of stationary 
objects, this difficulty waned when objects were in motion, to the extent that he 
could play hockey and basketball adequately. 

Further evidence for the complexity of functional organization of neural 
mechanisms subserving depth and distance perception, and for the ways they may 
become deranged by cerebral disorders, is afforded by the remarkable patient 
described by Kramer (1970), who lost the ability to perceive depth and perspective 
in drawings and pictures, but who had normal stereoscopic vision and no difficulty 
perceiving depth or distance of real objects. 

It seems, then, that normal visual depth perception does not, as some authors 
appear to imply, depend simply upon the integrity of a unitary brain mechanism 
discretely localized within a particular area of one hemisphere, but rather upon the 
hierarchical organization of a number of logically discrete but functionally 
interrelated neural mechanisms which may involve widespread areas of the brain. 
The exact nature of the impairment produced by a particular lesion will therefore 
depend upon the level at which this organization is disrupted. Significant advances 
in our clinical understanding of these issues will depend in turn upon the degree to 
which the currently available tests of depth perception and stereopsis are capable 
of selectively addressing these different neural mechanisms. | 


SUMMARY AND CONCLUSIONS 


Binocular depth perception was measured in 26 patients with right and 28 
patients with left hemisphere lesions using two methods. There was no simple 
correlation between the results obtained by the two methods. Abnormalities on 
one or the other method were found among 27 per cent of the left hemisphere 
group and 69 per cent of the right hemisphere group. Despite this high incidence, 
no patient had subjective impairment of visual depth perception. Among clinical 
signs, only the presence of visual field defects correlated with abnormalities of 
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visual depth perception. One patient, however, who had a complete left 
homonymous hemianopia with macular sparing, had normal stereoacuity as 
assessed by both methods. Lesions clinically not implicating the primary visual 
pathways and situated remote from the occipital lobes often impaired visual 
depth perception. 

On the basis of these findings, and those reported by other workers, it is 
concluded that: 


(1) disorders of stereopsis and visual depth perception can be demonstrated 
in a large proportion of patients with focal cerebral hemispheric lesions, but only 
uncommonly does a hemispheric lesion give rise to a symptomatic and significantly 
disabling disorder of depth perception; 


(2) although visual field defects are common in patients with hemispheric 
lesions and disordered depth perception, there is no evidence that any particular 
neural or ocular signs are кау of ztiological significance in the production 
of the disorder; 


(3) neural processes underlying binocular single vision (fusion) and binocular 
depth discrimination may be functionally dissociable; 


(4) neural mechanisms in areas outside the occipital lobes and primary visual 
projection systems seem to play an important role in normal stereopsis; visual 
depth perception seems not to depend on the integrity of a unitary brain mechanism 
discretely localized within a particular area of one hemisphere, but rather upon the 
hierarchical organization of a number of logically discrete but functionally 
interrelated neural mechanisms which may involve widespread areas of the brain; 


(5) the question of whether or not depth discrimination and stereopsis is a 
function to which hemisphere dominance applies is as yet unsettled. On available 
evidence it cannot be unequivocally stated that the right hemisphere is dominant 
for stereopsis; 


(6) interpretation of systematic studies of stereoacuity and visual depth 
perception is made difficult by the fact that results derived from different tests are 
often not comparable. 
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ADDENDUM 


After this paper had been submitted, Hamsher (1978) reported the effects of 
unilateral hemisphere damage on performance of each of 3 tests of stereoscopic 
function including random-letter stereograms. He concluded that the right 
hemisphere is dominant for global, but not local, stereopsis and that intellectual 
impairment may be ruled out as a potential artefact in earlier studies. 
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Unit, Institute of Child Health, London) 


INTRODUCTION 


THE nosology of the spinal muscular atrophies (SMA) has evoked considerable 
interest of late (Pearn, Carter and Wilson, 1973; Bundey and Lovelace, 1975; 
Emery, Davie, Holloway and Skinner, 19765). It is now established that there is 
a severe and rapidly progressive form of onset in the first six months of life which 
is clinically and genetically distinct and leads to death before three years of age 
(Pearn et al., 1973) and which is generally called Werdnig-Hoffmann disease or 
SMA Type 1. To date, there is no objective evidence to indicate unequivocal 
genetic heterogeneity in the late childhood and juvenile forms of the disease, often 
collectively called the Kugelberg-Welander syndrome (Gardner-Medwin, Hudgson 
and Walton, 1967; Pearn, 1974a; Bundey and Lovelace, 1975; Emery et al., 1976р). 

In all large series of cases of SMA reported in the past there have been occasional 
patients demonstrating adult onset of the disease (see Meadows, Marsden and 
Harriman, 1969; Namba, Aberfeld and Grob, 1970; Tsukagoshi, Shoji and 
Furukawa, 1970; Bundey and Lovelace, 1975; Emery, Hausmanowa-Petrusewicz, 
Davie, Holloway, Skinner and Borkowska, 1976a). Whether or not the varying 
clinical manifestations of the non-infantile forms imply that they represent a single 
disease with very variable clinical effects, or whether the adult-onset form is a 
separate entity, has not been formally established as yet, though Mapelli and 
Ramelli (1970) suggested that the adult variety is a separate disease. The question 
as to whether the Kugelberg-Welander syndrome in all its clinical presentations 
and SMA of adult onset represent variable clinical manifestations of a single 
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. disease entity, or whether they are different (but clinically overlapping) genetic 
entities is of considerable practical importance in relation to prognosis and genetic 
counselling, which are of especial importance in the management of an incurable 
and disabling group of conditions. 

Difficulties arising in clinical and’ genetic classification have been compounded 
by the inevitable bias in the selection of cases that tend to be referred to any one 
person or group (Emery et al., 1976b). This difficulty has been resolved, in part, 
by a recent total population study of cases of SMA studied in North-east England, 
where all cases diagnosed as SMA occurring in a defined population of approxi- 
mately two-and-a-half-million have been reliably identified. In this study (Pearn, 
1974b) nine cases of the adult-onset form of the disease (occurring in six families) 
have been identified. An analysis of the genetic data derived from these patients 
and their families has given information on the nosology of the adult-onset variety 
of the disease which would have been unobtainable by other means. © > 

The aims óf the present study were: (a) to define the clinical features and criteria 
for classification of cases of SMA of adult onset which were not examples of SMA 
syndromes previously defined (dominantly inherited SMA of adult onset, distal 
SMA, sporadic adult motor neuron disease, neurogenic scapuloperoneal syndrome, 
etc.); and (b) to establish precise genetic data for the group (or groups) so defined. 


METHODS 
Ascertainment of Index Patients 


All cases of SMA presenting to, or identified by, the clinical neurologists, neuropathologists and 
clinical electrophysiologists in the Regional Neurological Centre, Newcastle-upon-Tyne, over the 
ten-year period 1961-1970 were initially reviewed. Such 1s the nature of the clinical neurological practice 
and demography of the Region that such a search effectively led to a total population study of SMA in 
North-east England without evident bias in case selection (see Pearn, 1973). 

Initially we included in the study all patients with evidence of progressive and diffuse denervation of 
skeletal muscles, m whom there was no clinical or electrophystological evidence of sensory involvement. 
Provided that motor and sensory conduction velocity in several peripheral nerves was normal, con- 
vincing electromyographic evidence of progressive denervation was accepted as a criterion for initial 
inclusion of patients in the study, whether or not there was evidence of associated myopathic change. 
Serum creatine kinase (CK) activity was not used as a discriminant or diagnostic test, as it is well-known 
that the serum CK may be elevated in subacute or chronic forms of SMA (Hetnarska, Prot and Sawicka, 
1968). Histological and histochemical preparations of muscle biopsy specimens were examined by one 
of us (P.H.) and while many of these showed evidence of secondary myopathic change, the nature of 
the primary denervating process was not in doubt. If the cerebrospinal fluid had been examined, and its 
protein content was elevated, the patient was excluded from the study. 

After initial ascertainment, patients were excluded from the study on the basis of any one or more 

-of the following criteria: (a) those with the clinical features of adult motor neuron disease; (b) those in 
whom a muscle biopsy showed neurogenic atrophy, but in whom either nerve conduction studies or 
CSF protein estimation had not been carried out; (c) those in whom the clinical course of the disease 
had not been progressive over a prolonged period—3 children with benign congenital hypotonia and 
2 with poliomyelitis-were thus excluded; (d) those with other well-defined disease processes of which 
muscular hypotonia and/or denervation may be a feature. These included patients with various lesions 
of the spinal cord, children with combined features of optic atrophy, anterior horn cell degeneration and 
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mental retardation, and patients with cystinuria, the Prader-Willi syndrome and hypokalemic periodic 
paralysis (on these criteria 30 cases were excluded, of which 17 were adults). 

One-hundred-and-two patients with various clinical forms of SMA remained; families containing 
two affected children refused permission for further study and interview. After examination of hospital 
records, and clinical reassessment of surviving index patients, the following additional cases were 
excluded: 


(a) those with an affected parent or child; in the absence of consanguinity, these were assumed to be 
examples of the dominant form of the disease (Zellweger, Simpson, McCormick and Ionasescu, 1972) 
This step, with a subsequent segregation analysis, in no way prejudged the issue of assessing the mode of 
inheritance in the remainder; families with an affected male relative, other than in the same sibship 
as the propositus, in which there was a possibility of X-linked recessive inheritance (Tsukagoshi, Shoji 
and Furukawa, 1970) were also excluded ; 


(b) infants with SMA Type I (Werdnig-Hoffmann disease), as defined by Pearn et al. (1973) and Pearn 
and Wilson (1973a); 


(c) those with distal SMA (Dyck and Lambert, 1968; Meadows and Marsden, 1969a) ; 
(d) those with the neurogenic scapuloperoneal syndrome (Meadows and Marsden, 1969D); 


(e) those with other atypical clinical features. At first we excluded patients with a clinical picture 
indicative of muscular dystrophy of the X-linked Becker variety who showed marked hypertrophy of 
calf muscle but in whom there was evidence on investigation of SMA rather than of a primary myopathy, 
but on reflection we believe that these cases represent one form of clinical presentation of SMA. 

Forty-eight index cases (42 children and 6 adults) with classical proximal progressive SMA were thus 
identified, and it is on this group that the genetic analyses were performed. In the 6 families containing 
cases of adult onset, there were 9 affected cases and the clinical features of the disease in these 9 patients 
will first be described before we give details of our genetic analyses. 


THE CLINICAL FEATURES OF SMA OF ADULT ONSET 


Of the 9 cases, 5 were male and 4 female and all were examined initially by one 
of us (J.N.W). They were subsequently assessed in detail by J.H.P. and all available 
sibs and first-degree relatives were also examined. A summary of the clinical 
details of the 9 adult-onset patients is given in Table 1. 


Age at Clinical Onset 


The age range at clinical onset in the 9 cases of adult onset was 15-50 years, with 
a median onset age of 35 years. The youngest case (a male with onset at 15 years) 
claimed sudden onset after a hand and arm injury in the factory where he worked, 
and at that stage some muscular weakness was apparent, but he was more severely 
affected on re-examination at the age of 19 years. 


Age at Initial Medical Presentation 


This forms a valuable reference point, and details can be checked for objectivity 
by reference to medical records in most cases. The age range encompassed at 
presentation was 15-50 years, with a median of 37 years. All the patients stated 
that they had had completely normal muscle strength in childhood, and up to the 
time of onset of initial symptoms. This antecedent history contrasts with the case 
histories of so many patients with the Kugelberg-Welander syndrome in whom, 
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TABLE 1. DIAGNOSTIC AND CLINICAL DETAILS OF 9 PATIENTS WITH SMA OF 
ADULT ONSET 


Age at which 
Ageat Agewhen Ageat appliances Muscle 
сіта first death or — needed io — Unableto biopsy 
onset — taken to when last assist walk even or 
Patent Sex (years) doctor exammed* walking with aids autopsy EMG Comments 


1 BM) Е 30 34 63 60 — N NM Patents | and 2 are sisters 
Marked intrafamilal con- 
cordance for clinical fea- 
tures of the disease. 

KEY N E = 

NM Serum CK 26 5 IU/ ten 

years after diagnosis. 
Patients 3 and 4 were 
nbs Nerve conduction 
norma]. 

4(WW) M 48 50 62” 56 58 — — Patient 4 not examined by 

J H.P , he was a coal- 
miner until 54 years of 
age. 

5(WS) M 35 35 47 — — N NM Patients 5 and 6 were 

brotbers. Good athlete in 
youth Serum CK of 1,050 
ТОД ten years after initial 
diagnosis. 

6(LS) M 32 34 42 — — — — Good athlete in youth 

Marked sib concordance 
for clinical features of the 
> disease. 

7 (ES) F 39 47 61 55 — N No abnor- Serum CK 465 IU/ 

шашу Gradual mexorable 

detected progression of weakness. 
Some asymmetry in early 
stages 

8 (RE) M 32 35-40 70 50-60 — N N — 


ок) M 15 15 29 29 — N N Sudden onset after hand and 
arm injury, good athlete 
as a schoolboy 


* — The patient had died — Indicates that either a muscle biopsy or EMG studies were not performed N = Findings on 
electromyography or muscle biopsy wholly indicative of denervation. NM == Findings on electromyography or muscle biopsy 
suggesting both denervation and myopathy but with predominant neuropathic features 
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in retrospect, it is usually noted by parents that the child always tended to have 
below average strength for his age. Indeed, in this adult-onset group 3 of the 5 males 
and one of the 4 females were exceptionally good athletes in their youth; another 
(Case 4, male) worked underground as a coalminer until the age of 54 years. The 
two affected brothers (Cases 5 and 6) completed normal military service during 
the Second World War. One of the two French cases described by Hurwitz, Lap- 
resle and Garcin (1961) was also noted to be good at physical sport in her youth. 


Onset of Disease 


In 8 of the 9 cases the onset was insidious; awareness of weakness, or an apprecia- 
tion of the significance of muscle fasciculations developed gradually. In retrospect, 
each of the 8 patients felt that the early features of the disease had been present for 
one or two years before real awareness dawned that something serious was wrong. 
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In only one case were early muscle cramps a feature, although most patients said 
that they functioned poorly in cold weather. In the description of these onset 
features, our experience exactly parallels that of Meadows, Marsden and Harriman 
(1969) although the familial patients with adult onset reported by these latter 
authors were dominantly inherited cases. The temporal range between the onset 
of initial symptoms (calculated in retrospect) and initial medical presentation was 
0-8 years, with a median of 2 years. 


Clinical Course 


Incomparison with the two forms of SMA of childhood onset (Pearn and Wilson, 
1973a, b) the condition is relatively benign. All patients reported periods of 
apparent temporary arrest in the progression of muscle weakness. In our experience, 
however, the course is inexorably progressive although very slow, when reviewed 
in the long-term. Eventual confinement to a wheelchair is by no means inevitable 
in our experience (see Table 1). The rate of progression of the disease varies from 
family to family; no patient was able to walk completely unaided twenty years 
after the clinical onset of the disease. Muscle involvement is relatively symmetrical 
and becomes more so as the weakness progresses. 


Life Expectancy 

As 8 of the 9 patients were alive at the time of the study, it is not yet possible to 
prepare a life table for the disease. The patient who had died (Case 4, the coalminer) 
lived for fourteen years after the first clinical signs appeared, and his death was due 
to complications of occupational lung disease. The range of time-since-diagnosis 
in the survivors is eight to thirty-five years, with a median of thirteen years. The 
median age for all patients at the time of the study was sixty-one years. It can thus 
be seen that although this type of adult onset of SMA is an incapacitating disease, 
it is possible that life expectancy is not reduced. 


NOSOLOGICAL AND GENETIC TECHNIQUES OF ANALYSIS OF DATA 


Three basic techniques are available to resolve questions of genetic heterogeneity 
in clinical disease. These have been discussed in detail elsewhere (Pearn, 1974a). 
In summary they comprise: 


(a) Simple Intuitive Interpretation of Scattergram Clusters 


If familial cases of a disease can be assigned one or more quantitative indices 
for any manifestation of the illness (for example, age at clinical onset), then the 
construction of scattergrams may reveal obvious familial heterogeneity, and further 
formal statistical testing is not required. Cases of SMA within families were 
designated Sib 1, Sib 2... . etc; Carterian co-ordinates were constructed, and all 
familial sib-pairs were plotted. The technique has been used in other fields of 
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biology (Gibbs and Brasier, 1971). If two familial diseases are présent, the sib-pair 
points might be expected to show clustering. 


(b) Sib-sib Correlation Coefficients 


Haldane in 1941 suggested that if the correlation coefficient of sib-pair variables 
exceeded 0-5, then familial heterogeneity was present. This powerful tool has been 
used to resolve several recent neurological questions involving acute SMA Type I 
(Pearn, Carter and Wilson, 1973), Huntington's chorea (Brackenridge, 1972), and 
dystrophia myotonica (Bundey and Carter, 1972). In the current study, correlation 
coefficients were calculated for age at initial clinical onset, and for age at initial 
medical presentation, and the significance of differences from 0:5 (Null Hypothesis) 
were tested using Fisher's ‘Z’ transformation. 


(c) Frequency Distribution Curves | 

Bimodality or polymodality in a histogram or frequency distribution curve 
suggests heterogeneity, provided that the series being tested is a consecutive 
unselected total population study. This simple technique convincingly demonstrates 
bimodality if subpopulations are present with their means widely separated in 
relation to their variances, and formal analysis is not required. If the means are 
not widely separated the statistical approaches to demonstrate bimodality of 
closely overlapping subgroups are notoriously difficult (Haldane, 1952). 


Case Assessment 


As stated above, many index patients of both adult-onset and juvenile cases 
of SMA as defined above were re-examined by one of us (J.H.P.) and a pedigree 
was constructed. Living first-degree relatives were also examined. For each case 
(both index and secondary cases) the age at clinical onset of the disease was 
assessed ; in addition, the age at initial medical presentation was also documented— 
this had the advantage that it could be checked by documentary evidence. 


RESULTS OF THE GENETIC ANALYSIS 


Case finding details are shown in Table 2. There were 48 index patients and 
17 secondary cases. Fig. 1 shows the scattergram, for age at clinical onset, obtained 
for the 21 sib-pairs involved (in only one family were there more than 2 affected 


TABLE 2. CASE-FINDING DETAILS OF ALL PATIENTS WITH CHRONIC PROXIMAL SMA, 
NOT OF INFANTILE FORM 








Famulial cases Combined cases 
Index Secondary Sporadic cases Index Secondary 
Families patients cases (Index pts-- No. of families) Families patients cases Total 
Children 17 19 14 23 40 42 14 56 
Adults 3 3 3 3 6 6 3 9 





Total 20 22 17 26 46 48 17 65 
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sibs). It can be seen clearly, by inspection, that a discrete familial form of the disease 
exists, showing an adult onset of symptoms. An almost identical pattern is obtained 
by plotting the ‘age at initial medical presentation’ data. 
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FiG. 1. Scattergram for age at clinical onset of 21 sib-pairs with non-infantile SMA. Each point represents a 
family ın which two (or more) cases of SMA have occurred. 


Table 3 shows the correlation coefficients for the sib-pair data. It can be seen that 
the very high correlation coefficients observed (0-90 for both raw and log data) for 
both age-at-onset and age-at-presentation, indicate genetic heterogeneity. In this 
series of cases, it can be further shown that this heterogeneity is due solely to the 
inclusion of the adult group (Table 3). After the removal of the 9 adult-onset 
cases, the correlation coefficient falls and does not differ significantly from 0:5 
(even for the raw data with a correlation coefficient of 0-78, 95 per cent. confidence 
limits аге 0-49-0-91). This result implies, incidentally, that it is unlikely that there 
is further genetic heterogeneity (with respect to age at onset) in the juvenile-onset 
group. 


TABLE 3. CORRELATION COEFFICIENTS FOR SIB-PAIR CORRELATES. DATA FROM 
20 FAMILIES AND 22 INDEX PATIENTS 


Correlation Coefficients 
Age at clinical Age at initial 
Type of data* onset medical presentation 
All cases of non-infantile SMA Raw data 0-98 0-98 
(adult and juvenile) 

Log data 0-91 0-90 
Juvenile-onset cases only Raw data 0-78 0:46 
Log data 0-56 0-55 


* The conversion of raw data to log data ensured a Normal distribution. 
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Fig. 2 is the frequency distribution histogram for age-at-onset and age-at- 
presentation for all cases, both familial and simplex, in this total population study. 
The simplest interpretation of these figures is that there are two non-overlapping 
populations present, and that one of these is a separate familial entity of an adult- 
onset disease. 
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Fic. 2 Frequency distribution histogram for age-at-onset, and age-at-presentation, of 65 consecutive cases of 
non-infantile SMA 


It is thus possible, using these three criteria, to define the clinical syndrome of 
SMA of adult-onset as one with onset not before 15 years of age, and usually several 
years later; defined in this way, the 9 cases of adult onset were considered as a 
separate group, and further genetic studies were undertaken upon them. Genetic 
data are given in Table 4. 

The sex ratio in the adult cases was 5:4 (males:females). Segregation ratios are 
shown in Table 5. Because of the complexity of the interpretation of segregation 
ratios dependent on the type of ascertainment (in this case by multiple incomplete 
selection, see Crow, 1965), the calculation of the appropriate error formula is 
difficult. If one uses only those sibs born after the index patients, a more simple 
formula can be used, and the observed segregation ratio of 0-20 has 95 per cent 
confidence limits of 0-0-40. Although this observed value does not differ sig- 
nificantly from 0-25 (the Null Hypothesis for autosomal recessive inheritance), 


TABLE 5. SEGREGATION ANALYSIS OF ALL SMA CASES WITH ADULT ONSET (BOTH 
FAMILIAL AND NON-FAMILIAL) 


95 per cent 
Clinically normal Affected with SMA Segregation Standard confidence 
Group Males Females Males Females ratio error limits 
All sibs of index 
patients 8 10 2 1 0-14 0-076 0-0-29 
Allsibs born after index 


patients 6 6 2 1 0-20 0-103 0-0-40 
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two interpretations remain possible. One is that all cases of the syndrome are the 
result of autosomal recessive inheritance, but that all sibs have not yet passed 
through their risk period. A study of the families shows this to be the most likely 
possibility. A second possibility is that a small percentage of all simplex families 
(containing isolated cases) are examples of a new dominant mutation occurring 
in the index case. For genetic counselling purposes, this percentage is unlikely to 
be greater than 10 per cent as a current working hypothesis. The 9 adult patients 
in this study had a total of 10 children, all of whom were normal at the time of 
examination, the youngest was 15 years of age and the remaining 9 were all over 
30 years of age. A typical family (Family 1 in Table 4) is shown in Fig. 3. 


I x E 


П ygd © 


je 


Ш 4999999 PGQP аф -O99 
| lI 
ү є 899 96 | e бе 


te 


у Обо O SDd oO 


Го. 3. Family tree of Family 1 in Table 4. A typical family in which is occurring SMA of adult onset, due to an 
autosomal recesstve gene. Roman numerals indicate generations; the arrow indicates the index case 


fx 


The prevalence of the disease and estimates of gene frequency have been assessed 
by reference to corrected population figures from the Registrar General (1972), to 
the Registrar General's Abridged Life Tables for 1965 (the mid-point of the survey 
dates), and to unpublished data provided by the 10 Medical Officers of Health 
responsible for the population studied. 

Eight of the patients were alive on June 30, 1971 (5 familial and 3 simplex cases) 

in an estimated population of 2,488,000, giving a prevalence figure of 0-32 per 

100,000 of the general population. Birth incidence was calculated as 1 in 343,000 

live births. Assuming that all cases are due to autosomal recessive genes, the carrier 
. frequency is 1 in 290 persons, and the corresponding gene frequency д = 0-00171. 
If one assumes that 10 per cent of index cases are the result of new dominant 
mutations, the corresponding gene frequency (q) is 0-00161 (carrier frequency of 
1 in 308). A working estimate for the carrier (heterozygote) frequency is thus 1 in 
300 in the general population. 


DISCUSSION 


Differential diagnosis in this condition is a two-step process. A conclusive 
diagnosis of SMA requires muscle biopsy with histochemical study, electro- 
physiological studies to establish normality of motor and sensory nerve conduction 
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velocity and usually examination of CSF to show that its protein content is normal, 
since a subacute, predominantly motor, proximal motor neuropathy can mimic 
the condition. The electrophysiological studies should be repeated later in order 
to exclude mixed peripheral neuropathies with relatively late involvement of 
sensory fibres, such as that which may occur up to five years after clinical presenta- 
tion in cases of peroneal muscular atrophy, in which condition, however, muscular 
atrophy and weakness are predominantly distal (Gilliatt, 1959; Buchthal and 
Behse, 1977). As in some cases of motor neuron disease, serum creatine kinase 
(CK) activity is often elevated in SMA of adult onset (see also Hetnarska, Prot 
and Sawicka, 1968) usually in the non-specific range; in our experience, in spite 
of secondary myopathic change which commonly develops in affected muscles, 
one seldom encounters levels of CK activity such as those seen in the primary 
myopathic disorders. 

A difficult problem, at the time of initial presentation, is differentiation of this 
disease from familial motor neuron disease (Amick, Nelson and Zellweger, 1971), 
especially the autosomal recessive form of motor neuron disease in its very early 
stages (Dumon, Macken and deBarsy, 1971). However, the rapid progression, 
asymmetry, appearance of upper motor neuron signs and early appearance of 
bulbar signs in the latter condition should resolve diagnostic difficulties within 
months of the initial presentation. There is one reported type of familial motor 
neuron disease, however, with longer survival and probable recessive inheritance 
(see Pedigree 14 of Horton, Eldridge and Brody, 1976) whose relationship to 
recessive SMA of adult onset remains to be determined. 

The second step in differential diagnosis involves the determination of the 
genetic type of SMA which is present. It is probable, but as yet unconfirmed, that 
the three genetic types of the disease have varying clinical features; the clinical 
spectrum of the X-linked recessive and autosomal dominant forms (Emery, 1971) 
have yet to be accurately defined. If the parents are known to be unaffected and if 
the patient is a female, it is likely that the condition is due to an autosomal recessive 
gene. If the patient is a male, it is important to examine male relatives in the mother's 
family, as a small (but unknown) percentage of such cases are due to X-linked 
recessive genes. Of familial cases of SMA of adult onset, the proportion of 
dominant to recessive causal genes is approximately 2:1 (Pearn, 19745); of the 
9 adult-onset cases of Meadows et al. (1969), 2 were familial, both dominant. 

Management follows the pattern of all clinically-similar progressive neuro- 
muscular diseases; in this case tempered by honest reassurance that life is not 
likely to be shortened. Regular physiotherapy with emphasis on hydrotherapy, 
occupational therapy with modification of the domestic environment, and genetic 
counselling as described below form the mainstays of management. 

Genetic counselling of patients with SMA of adult onset is relatively straight- 
forward. The risk to sibs is approximately 1 in 5 in sporadic cases, and 1 in 4 in 
familial cases. The estimated risk to children of affected individuals is low, and 
is no greater than 1 in 20, in our present state of knowledge of the disease. In 
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unequivocal recessive cases the risk is 1 in 600 (1 x 1/300 x 1/2). Provided that sibs 
of index cases are demonstrably normal after full neurological examination, the 
risk to nephews and nieces of index cases is low, if there is no consanguinity. It 
may be appropriate to examine electromyographically clinically normal individuals 
within affected families, if genetic advice is sought. 

A refinement in genetic counselling of clinically normal subjects would take into 
account the extent to which the risk period has passed. Because of the paucity of 
published cases, it is not yet possible to construct a cumulative frequency distribu- 
tion curve for age at clinical onset, but a provisional 50 per cent point of 35 years 
can be used. For example, the sibs of a simplex patient have a risk of only 1 in 10 
(1/2 x 1/5) of developing the disease if they are normal at 35 years of age. In familial 
cases, the striking concordance (both in age at onset, and in clinical progression) 
that we and others have observed will enable counselling to be given with greater 
confidence, especially in the case of a normal subject who is well past the age of 
onset manifested by affected sibs. 

A surprising finding in this study has been the absence of consanguinity in the 
case of such a relatively rare gene; consanguinity has not been reported either in 
other reports of families containing cases of this condition (see Meadows et al., 
1969). One would expect, on average, to encounter between 10-15 per cent of 
consanguineous marriages among the parents of index cases (Maynard-Smith, 
Penrose and Smith, 1961), assuming a general population consanguinity rate of 
between 0-5 and 0-1 per cent. The absence of consanguinity in reported families 
may be due to chance, or it may be due to the fact that index patients tend to be 
older when questioned about details of their families (the median age in this study 
was 60 years); in these circumstances interparental relationships, if any, are 
difficult to retrieve. The low consanguinity observed suggests that the recessive 
genes involved are allelic. 

There are at least three separate genes which can cause SMA of adult onset 
(Table 6). It is not yet possible to define different clinical features for these con- 
ditions, but there is a suggestion that the dominant form of the disease is clinically 
milder, of slower progression (Case 3 of Kugelberg and Welander, 1956; Emery, 


TABLE 6. SUMMARY OF REPORTED FAMILIAL CASES OF CHRONIC PROGRESSIVE 
PROXIMAL SMA or ADULT ONSET 


No. of Median age 


Authors families of onset (yrs) 
SMA of adult onset Meadows et al., 1 40-50 
(autosomal recessive) 1969 (Case 13) 
Present series 3 37 
SMA of adult onset Meadows et al., 1 25-50 
(autosomal dominant) 1969 (Case 14) 
SMA of adult onset Tsukagoshi et al., 1 21 


(X-linked recessive) 1970 
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1971; Pearn, 19745), and may be of earlier onset. In common with all types of 
dominantly-determined disease, wide intrafamilial variation occurs within 
families. The X-linked recessive form of the disease may also be generally of earlier 
onset. It is interesting to note that the sporadic male cases which have been reported, 
and which could have been due either to autosomal or X-linked recessive genes, 
tend to be of earlier onset (see Cases 1 and 2 of Gross, 1966; Case 18 of Peters, 
Opitz, Goto and Reese, 1968; and Family 6 in the current series). It has further 
been suggested that there are two genetic forms of the adult-onset X-linked form 
of the disease (Emery, 1971). Many familial cases in the literature cannot be 
classified genetically because only males were affected, and only a single sibship 
is involved (see Cases 1, 2 and 3 of Tsukagoshi et al., 1965). It is hoped that as more 
familial cases are reported, a more complete picture will emerge. 


SUMMARY 


A clinical and genetic study of spinal muscular atrophy (SMA) of adult onset is 
reported. A genetic analysis of all cases of SMA occurring over a ten-year period 
in North-east England (48 index cases) has shown that chronic proximal SMA of 
adult onset is a distinct clinical and genetic entity, and is not a variant of the more 
common and relatively benign late juvenile cases. Nine cases of SMA of adult 
onset have been studied, occurring in 6 families. The median age of clinical onset 
was 35 years and the mean age at initial medical presentation was 37 years. The 
sex ratio was 5:4 (males:females). The condition is relatively benign and there is 
no evidence to date that life expectancy is shortened; there is usually no premoni- 
tory evidence of muscular weakness in early adult life. The muscular involvement 
is relatively symmetrical and the distal musculature is well preserved; clinical 
progression of the disease is interrupted by periods of apparent arrest. No patient 
was able to walk completely unaided twenty years after the initial clinical onset ; 
the median age of patients in the study was 61 years but only one was confined to 
a wheelchair. In the early stages the recessive form of familial motor neuron disease 
must be excluded. A segregation analysis of sibs born after index cases was under- 
taken (segregation ratio of 0-20). This finding is consistent with autosomal recessive 
inheritance with an extended period during which the disease might initially 
present. The presence of new dominant mutations cannot be excluded, but is 
unlikely to account for more than 10 per cent of cases. The carrier rate in the 
English population is estimated to be 1 in 300, with a gene frequency q = 0:00165. 
Prevalence is 0-32 per 100,000 in the general population. Empirical risks for 
genetic counselling are presented. 
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THE ROLE OF FRONTAL AND PARIETAL 
CORTEX IN COGNITIVE PROCESSING 


TESTS OF SPATIAL AND SEQUENCE FUNCTIONS 


by BETTY ANN BRODY! and KARL H. PRIBRAM? 
(From the Department of Psychology, Stanford University, Stanford, California 94305) 


INTRODUCTION 


SINCE Jacobsen first demonstrated that monkeys with resections of the anterior 
frontal cortex are unable to learn delayed-response or spatial delayed-alternation 
tasks (Jacobsen, 1936; Jacobsen and Nissen, 1937), there have been many attempts 
to interpret these findings in order to formulate a mechanism for frontal cortical 
control of complex behaviour. Recent interpretations have emphasized the fact 
that these tasks involve right-left discriminations and therefore might tap spatial 
memory (Goldman and Rosvold, 1970; Goldman, Rosvold, Vest and Galkin, 1971). 

Although spatial cognitive processes have classically been attributed to the 
domain of the posterior parietal cortex in humans (Critchley, 1953), several studies 
in the clinical literature have also noted certain types of spatial impairments 
following frontal cortical damage. These studies have provided suggestive evidence 
for a dichotomy between the nature of the spatial impairments produced by damage 
to the frontal and parietal cortex. Patients with parietal cortical damage were 
found to have difficulty in setting a line to vertical against a conflicting back- 
ground (Teuber and Mishkin, 1954) and to be unable to make conceptual spatial 
rotations of maps (Semmes, Weinstein, Ghent and Teuber, 1963) or visual patterns 
(Butters and Barton, 1970; Butters, Barton and Brody, 1970); in contrast patients 
with frontal damage had no such difficulty. Conversely, patients with frontal 
cortical damage were found to have difficulty in setting a line to vertical when their 
own bodies were tilted with respect to vertical (Teuber and Mishkin, 1954), point- 
ing to the parts of their own body corresponding to those designated on a diagram 
(Semmes et al., 1963), or making a series of right-left discriminations with respect 
to varying orientations on a map different from the orientation of their own bodies 
(Butters, Soeldner and Fedio, 1972). Patients with parietal damage also had dif- 
culty with some of these latter tasks; however, if the parietal damage was confined 
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to the right hemisphere, the patients were unimpaired. On the basis of their findings 
Teuber and his colleagues (Semmes et al., 1963; Teuber, 1964) characterized the 
general impairment following parietal damage as one involving extrapersonal 
spatial orientation, that is, a difficulty with discriminations involving the spatial 
relationships among external stimuli. In contrast, they characterized the impair- 
ment following frontal cortical damage as one involving personal spatial orienta- 
tion, that is, a difficulty with discriminations dependent on the accurate assessment 
of the body's orientation in space. 

In order to specify the locus of the deficit more accurately and to correlate these 
clinical findings with the vast amount of information obtained from research with 
nonhuman primates, Pohl (1973) attempted to test the dichotomy between personal 
and extrapersonal spatial orientation using monkeys with dorsolateral frontal or 
with posterior parietal ablations. Since it had been assumed that the salient feature 
of the tasks defined as measures of personal spatial orientation was the necessity 
of making right-left discriminations, Pohl used the place reversal task (go left to 
a criterion—go right to a criterion) as the measure of personal spatial orientation. 
For comparison he used a landmark discrimination (go to the foodwell nearer the 
landmark) and a landmark discrimination reversal task (go near the landmark to 
a criterion — ро far from the landmark to a criterion) as measures of extrapersonal 
spatial orientation. The solutions for these latter spatial tasks were based on the 
spatial location of an external referent, the landmark. The monkeys with frontal 
lesions were impaired on the place reversal but not the landmark reversal while the 
opposite was true for the monkeys with parietal lesions. Pohl interpreted his results 
to indicate that the personal-extrapersonal dichtomy is appropriate for monkeys 
as well as humans. | 

Despite the fact that both patients and monkeys with frontal damage demon- 
strate significant impairments on certain tasks involving right-left discriminations, 
there remains some difficulty with emphasizing right-left disorientation or the more 
general concept of personal spatial disorientation as the primary basis of the 
syndrome following frontal damage. First, the clinical literature indicates that 
right-left disorientation classically follows parietal cortical damage (Gerstmann, 
1940; Critchley, 1953) rather than frontal damage. Secondly, the most striking 
` effect of frontal cortical damage in patients is their tendency to perseverate previous 
responses; aspects of this syndrome have been tested empirically with card sorting 
(Milner, 1963), a multiple object search task (Poppen, Pribram and Robinson, 
1965), and multistep instructions (Luria, Pribram and Homskaya, 1964; Luria, 
1966). An emphasis on personal spatial disorientation cannot account for these 
findings. Thirdly, the experimental data obtained on monkeys indicate that if 
lesions are confined to the focus within dorsolateral frontal cortex attributed to be 
selectively involved with spatial function, a right-left discrimination requirement is 
. not sufficient by itself to produce the deficit; memory must be taxed, either with 
imposed delays or with alternations or reversals of response requirements (Gold- 
man and Rosvold, 1970; Goldman et al., 1971). 
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By contrast to these theories involving spatial functions, some time ago Pribram 
(1958, 1961) pointed out that the delayed-response and delayed-alternation tasks 
require the sequencing of behaviours. He and his co-workers suggested that the 
function of the anterior frontal cortex is to provide a working memory in which 
these sequences can be flexibly ordered (Pribram, Ahumada, Hartog and Ross, 
1964). The clinical literature also provides evidence that patients with frontal 
damage have considerable difficulty with the temporal organization of behaviour, 
particularly when flexibility is required. The almost pathognomonic tendency of 
such patients to perseverate portions of instructions occurs most notably when they 
attempt to perform a sequence of different behaviours (Luria et al., 1964; Milner, 
1964; Luria, 1966). Moreover, the difficulty similar patients have shown in 
identification of body parts (Semmes et al., 1963), in a stylus maze task (Milner, 
1964), or in a path reading task (Butters et al., 1972) has been attributed to a deficit 
in personal spatial orientation, but the conflicting sequential response requirements 
are equally critical features of these tasks (Semmes et al., 1963; Milner, 1971). 
Milner (1971) has reported that her patients with frontal damage could recognize 
previously-seen items but could not recall in what order they had been seen, 
suggesting ineffective ‘temporal tagging’ of information. 

Pribram had earlier suggested that the difficulty monkeys with frontal resections 
have with sequencing tasks such as delayed alternation might be due to an inability 
to parse stimuli into useful patterns. He and his students were able to improve the 
performance of such monkeys on delayed alternation by the simple expedient of 
imposing a temporal pattern to the stimuli (Pribram and Tubbs, 1967; Pribram, 
Plotkin, Anderson and Leong, 1977). Also in Pribram's laboratory, Pinto-Hamuy 
and Linck (1965) directly examined the role of the frontal cortex in sequencing by 
teaching monkeys to press different stimulus-response panels in a particular 
sequential order. On the basis of earlier work by Kimble and Pribram (1963) they 
investigated the possibility that sequences organized by external cues and those 
depending on internal cues would be differentially influenced by frontal resections. 
They found that if tbe sequential order was externally imposed such that the 
monkeys were always required to choose the same unique sequence, those monkeys 
with frontal ablations were able to learn the problems at a normal rate. On the 
other hand, if the only rule imposed was that a sequence on any one trial must 
contain no repetitions, the monkeys with frontal ablations demonstrated a deficit. 
These authors suggested that during the latter type of sequence the monkey must 
internally organize the sequence within each trial by maintaining a memory of each 
prior press; whereas, during the externally-ordered sequence the external visual 
cues contained the information needed to order the responses. They concluded 
therefore that the frontal cortex is necessary to order sequential behaviours when- 
ever such sequences require organization within memory. 

However, another difference between the two types of sequences might have 
been an important variable in the study by Pinto-Hamuy and Linck. The stimuli 
were presented on a four-by-four stimulus-panel array such that the locations of 
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the stimuli changed only between trials. The internally-ordered sequence could 
correctly be completed by simply pressing each panel once, remembering only the 
location of the previous press. In fact, one of the internally-ordered sequences (red, 
red, red) required such a spatial solution. By contrast, in the externally-ordered 
sequences the pattern as well as the location of the cued panel could be used to 
solve the problem. The deficit on the internally-ordered sequence is equally well 
interpreted in terms of the hypothesis that following frontal resection monkeys 
have a deficit in spatial memory. 

An experimental analysis of both the spatial and the temporal theories was 
therefore undertaken and is reported here in two studies. The first of the studies 
attempts to clarify the relevance of a personal-extrapersonal spatial dichotomy 
to frontal and parietal cortical function. Monkeys with bilateral anterior frontal 
or with bilateral posterior parietal ablations were trained on variations of a spatial 
task designed to test the dichotomy as simply as possible while avoiding the use of 
either right-left discriminations or reversal problems. As a test of personal spatial 
orientation the monkey was required to press the panel.next to a panel he had 
previously selected. As a test of extrapersonal spatial orientation the monkey was 
required to press the panel next to a green panel. The personal-extrapersonal 
spatial theory would clearly predict a double dissociation of function on these 
two tasks. 

The purpose of the second study was to determine if monkeys with frontal 
ablations have deficits which are related to an inability to organize sequences 
independent of a spatial component and to examine the monkeys' dependence on 
external cues in learning such sequences. Monkeys with anterior frontal or with 
posterior parietal ablations were tested on sequence problems whose solutions 
were completely independent of the spatial locations of the stimuli. We expected 
that monkeys with frontal resections would show a greater deficit on internally- 
ordered sequences than on externally-ordered sequences. In contrast, we expected 
those with parietal resections to show a completely normal performance under 
both conditions. 


METHODS 


Subjects 


Fourteen juvenile rhesus monkeys (Macaca mulatta) served as subjects; their range of weight at 
operation was 2:8 to 3-6 kg. Three of these remained as normal controls (Normal Group), 4 sustained 
bilateral posterior parietal lesions (Parietal Group), and 7 (of which only 4 were used in the spatial 
tasks) sustained bilateral anterior frontal lesions (Frontal Group). 


Surgery and Histology 

Prior to surgery all monkeys were tranquillized with Ketamine (11 mg/kg i.m.) and then anesthetized 
with intravenous sodium pentobarbital until eyelid reflexes were absent. A saline drip through an 
intravenous catheter was maintained throughout surgery during which additional doses of pento- 
barbital were administered as required. All ablations were performed as a one-stage bilateral aseptic 
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procedure. The cortex was exposed with a full calvarium flap which crossed the midline and was hinged 
on one set of temporal muscles. Cortical gray matter was removed bilaterally by subpial aspiration 
using a 19-gauge Pribram Sucker designed to avoid damage to underlying white matter. Bleeding was 
controlled by gentle packing with cottonoid patties or, rarely, electrocauterization. The dura was closed 
with individual silk sutures; and muscle, subcutaneous tissues, and skin were closed in layers. Following 
surgery, long-acting bicillin (300,000 U i.m.) was routinely administered to all of the monkeys, and 
dexamethasone (2 mg i.m.) was also given to those sustaining frontal ablations. 

The anterior frontal lesion was defined by von Bonin and Bailey's (1947) areas FD, FDA, and 
FD», extending from the midline to the lip of the lateral surface through both banks of the sulcus 
principalis, and from the depth of the anterior bank of the arcuate sulcus rostrally to include the entire 
frontal pole. 

The posterior parietal lesion was defined by von Bonin and Bailey's areas PF, PC, PE, and the more 
dorsal portions of areas OA and TA on the lateral surface. The lesion included the anterior bank of 
the lunate sulcus and extended rostrally from the lunate through both banks of the dorsal portion of 
the superior temporal sulcus to include both banks of the intraparietal sulcus. A several-mm-square 
area superior to the intraparietal sulcus at the preoccipital notch was also removed. The ventral limit 
of the lesion was defined by a line drawn from the tip of the intraparietal sulcus to a point several milli- 
metres below the tip of the Sylvian fissure and then directly in a line perpendicular to the lunate sulcus. 
On the medial surface the lesion was defined by areas PE and OA extending ventrally almost to the 
calcarine fissure and including the anterior bank of the parieto-occipital sulcus and all of the tissue 
rostral to that sulcus for approximately 10 mm. 

Following completion of behavioural testing, the monkeys were perfused intracardially under deep 
barbiturate anzesthesia with saline and 10 per cent formalin, and the brains were blocked stereotaxically 
in the coronal plane. They were bardened in formalin and 30 per cent sucrose-formalin, embedded in 
gelatin-albumin, and frozen; 50 um sections were taken in the coronal plane, then mounted and stained 
with cresyl violet for microscopic analysis of the lesions. Lateral and medial views of the lesions were 
reconstructed from enlarged tracing using serial sections every 1 mm. Reconstructions of the individual 
brains with representative coronal sections through the anterior frontal and posterior parietal lesions 
are presented in figs. 1 and 2 respectively. 


Apparatus 

All training was carried out using a PDP-8 computer-controlled DADTA (Discrimination Apparatus 
for Discrete Trial Analysis; Pribram, 1969). During training the monkey sat in a testing cage measuring 
45-72 cm x 50-80 cm x 50-80 cm, one side of which consisted of bars spaced at 4-445 cm intervals. 
This cage was placed in a small enclosure illuminated by a 15-watt house light in the ceiling. The monkey 
faced a 50-80 cm x 50-80 cm square panel on which there was embedded a four-by-four regular array 
of clear round plastic push-panels, 2-54 cm in diameter. Microswitches mounted behind each of the 
response panels signalled the presses to the computer, and IEE digital display projectors back-projected 
the stimuli through these panels. A computer program controlled the sequence of stimulus location, the 
intertrial interval, rewards, and the teletype which recorded the responses. À correct response caused 
a mechanical feeder to deliver the banana pellet food reward to a single foodwell centred just below 
the array of response panels. A large one-way mirror permitted observation of the monkey during 
training. 
Procedure 

Pre-operatively all monkeys were initially shaped to press only lit panels in the DADTA and were 
then trained on a colour discrimination problem and its reversal. Post-operatively all monkeys learned 
three visual discrimination problems (Brody, Ungerleider and Pribram, 1977); each monkey was then 
assigned to one of four training groups (see Tables 1-4). Each training group learned four sets of prob- 
lems: Personal Spatial (P-Sp); Extrapersonal Spatial (EP-Sp); Internally-ordered Sequences (I-O Sq); 
Externally-ordered Sequences (E-O-Sq). The training of these problems was counterbalanced such that 
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Fic. 1. Anterior frontal lesions. The extent of the individual lesions on the lateral surface was reconstructed 
from enlarged tracings of the coronal sections taken every 1 mm Four representative coronal sections are pre- 
sented for each brain The dark line on the coronal sections 1ndicates the extent of damaged or absent tissue 
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Fic. 2. Posterior parietal lesions. The lateral and medial extents of the individual lesions were reconstructed 
from enlarged tracings of the coronal sections taken every 1 mm. Representative coronal sections are presented as 
in fig 1. 
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Groups A and C learned the spatial problems first and Groups B and D learned the sequences first. The 
order of training was further counterbalanced as follows: 


Training Group À: EP-Sp P-Sp E-O-Sp  I-O-Sq 
Training Group B: E-O-Sq 10-84 EP-Sp P-Sp 
Training Group C: P-Sp Ep-Sp I-O-Sq E-O-Sq 
Training Group D: 1-O-Sq  E-O-Sq  P-Sp ‘EP-Sp 


Three of the 7 monkeys given frontal resections were trained as members of Group B for the discrimina- 
tion and sequence problems only; all the other monkeys completed all problems. All monkeys worked 
100 trials a day, six days a week to a criterion of 90 correct out of 100 consecutive sets of 10 trials (100 
trials) for each problem. Detailed description of the testing procedure follows: 

Extrapersonal Spatial Tasks: Free-Start. The monkey was required to press consecutively two (or in 
the case of the 3-element task, three) contiguous panels in any one horizontal row of the array in order 
to obtain a pellet. For the initial tasks the monkey was permitted to start anywhere, press a panel, then 
press the panel next to the опе he had just pressed. АП active and lit panels displayed the stimulus ‘1’ 
* (a white pattern against a dark field). After each correct press the stimuli disappeared, then Immediately 
reappeared as before, except that the panel the monkey had just pressed turned green. The trial ended and 
an eight-second intertrial interval began whenever the monkey made an incorrect press or successfully 
completed the two or three consecutive presses required. There was no time limit for responding at any 
point during the trial, but rewards occurred only following the last correct press. 

The monkeys were trained in successive steps beginning with just two contiguous panels lit. Since 
repeat presses were ignored, no errors were possible and only 50 trials were given. The monkeys were 
then trained to the 90 per cent criterion with 4, 8, and 16 panels lit, beginning with a 2-element version 
in which they were permitted to start anywhere and then required to press one panel next to their start- 
ing panel. They were then trained to the 90 per cent criterion again with 4, 8, and 16 panels lit on 
a 3-element version in which they were required to press three panels starting anywhere. The third 
press was correct if it was made directly next to either the first or the second panel just pressed. Three 
correct presses were therefore not necessarily contiguous presses, but any correct press after the first 
one was always next to a green panel. 

Extrapersonal Spatial Tasks: Forced Random-Start. In order to avoid the tendency of the animals to 
simply press the same two or three panels each trial, at the beginning of the trial only two panels appeared 
lit with the ‘1’ stimuli in random positions on the array. A press on either panel caused 15 of the panels 
to display the ‘1’ stimuli and one of the panels to display a green circle. The monkey was then required to 
press the panel next to the green panel in the same horizontal row. This 2-element version was also 
followed by a 3-element version in which the first correct press caused all panels to be extinguished and 
then reappear immediately with 14 of the panels lit with *1's and two consecutive panels lit with green 
circles. The monkey was again required to press one panel next to either of the green ones. Pressing either 
a green panel or any other incorrect panel terminated the trial without reward. The initial two ‘1’s, 
the green cue, and the two consecutive green cues in the 3-element version all appeared in different 
locations from trial to trial according to three independent pseudo-random sequences. That is, the 
location of the green cue was independent of the initial press. Thus, all monkeys learned eight versions 
of the extrapersonal 'next-to' task to the same 90 per cent criterion in the following order: 2-4, 2-8, 2-16, 
3-4, 3-8, 3-16, 2-2R, 3-2R. The first number indicates the number of responses required within one trial, 
the second number indicates the number of consecutive panels initially lit, and the 2R indicates two 
panels initially lit in random locations on each trial. 

Personal Spatial Tasks: Free-Start. This task had exactly the same requirements as the free-start 
extrapersonal task. The monkey was permitted to start anywhere on the array and then required to 
press two or three consecutive panels in a horizontal line. The third press of the 3-element version was 
permitted to be next to either the first or the second panel just pressed However, in this task when the 
monkey pressed a panel, all of the panel lights disappeared then reappeared exactly as before, that is all 
displaying ‘Г. 
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Personal Spatial Tasks: Forced Random-Start. As in the extrapersonal random-start version the 
initial display consisted of only two randomly lit panels. A press on either of these panels caused all 
16 panels to display “1°. The monkey was then required to press the panel next to whichever of the panels 
he had chosen initially. For the 3-element version he was required to press three contiguous panels 
starting with whichever panel he chose initially, and again the third press was permitted to be next to 
either the first or second panel pressed. In addition, repeat presses were not permitted. Any repeat press 
as well as any other incorrect press terminated the trial without reward. Again all monkeys learned all 
eight versions of the personal ‘next-to’ tasks in the same order: 2-4, 2-8, 2-16, 3-4, 3-8, 3-16, 2-2R, 3-2R. 

Thus in both the personal and extrapersonal ‘next-to’ tasks the monkeys were first trained using 
a series of displays in which all of the possible response panels were initially lit (free-start versions). The 
appearance of the display was stable and the monkeys were permitted to establish stable response 
patterns. They were then transferred to random-start versions of the task in which the relevant stimuli 
shifted spatial location from trial to trial. This change prohibited the monkeys from using stable response 
patterns with the same sets of panels every trial. 


Externally-ordered Sequential Task. The three problems in the order 1n which all monkeys learned 
them were ‘red-green’ (large solidly coloured circles); ‘0-2’; and *0'-2'-*6' (white patterns against 
8 dark field). On each trial the two stimuli (or three in the case of the 3-element sequence) appeared in 
randomly-placed locations on the four-by-four panel array. In order to receive a reward the monkey 
pressed first the red and then the green panel irrespective of their location. The stimuli disappeared after 
each press within a trial and reappeared immediately in a new random configuration according to a pro- 
grammed 100 trial pseudo-random sequence, thereby making spatial strategies irrelevant. The trial 
ended and an 8-second intertrial interval began when the monkey either made an incorrect press or 
successfully completed the sequence. There was no time limit for responding at any point in the sequence, 
but rewards occurred only at the end of a complete sequence. 


Internally-ordered Sequential Task. The three problems in the order in which all monkeys learned 
them were ‘blue’-‘yellow’ (a blue filled plus and a yellow filled triangle); ‘4’-‘S’; and '4'-*5'-"7 (white 
patterns against a dark field). This task was presented in exactly the same manner as the externally- 
ordered sequence task except that the monkey was permitted to choose different orders from trial to 
trial as long as any given sequence contained no repetitions. Thus, for the 2-element ‘blue’-‘yellow’ 
sequence task either the order of responses blue-yellow or yellow-blue was acceptable. For the 3-element 
sequence on any given trial there were six acceptable orders: 4-5-7, 4-7-5, 5-4-7, 5-7-4, 7-5-4, and 7-4-5. 
Because of 115 difficulty, this last problem was trained for a minimum of 5,000 trials and a maximum of 
10,000 trials 


RESULTS 


Spatial Tasks 
The data obtained from the various ‘next-to’ tasks reveal four striking results: 


First, there were no significant differences among any of the groups in the initial 
free-start version of either the personal or the extrapersonal task (Table 1). 

Secondly, on the random-start version of the personal task (fig. 3) the Frontal. 
Group had a deficit compared to both the Normal and Parietal Groups, while the 
monkeys in the Parietal Group performed well within the normal range. This dif- 
ference only attained significance for the 3-element version of the task. The 
Kruskal-Wallis nonparametric one-way analysis of variance by ranks (Siegel, 
1956) for three independent samples gave a nonsignificant H — 0-89 for the two- 
element version and an H=6-05, P<0-05 for the three-element version. Paired 
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comparisons using the Mann-Whitney U test for two independent samples 
(Siegel, 1956) indicated that this overall group difference was due to the poor 
performance of the monkeys with frontal lesions. The comparison of the Frontal 
and Parietal Groups gave a U = 0, P = 0:014, and the comparison of Frontal and 
Normal Groups gave a U — 1, P — 0-057. 


TABLE 1. TRIALS TO 90 PER CENT PERFORMANCE LEVEL 
*NegxT-TO' 
FRBE-START TASKS 


Training Extrapersonal | Personal 
Subjects Group 2-press 3-press 2-press 3-press 

N-Lns A 90 250 50 70 
N-Zid B 80 100 60 0 
N-Gid C 90 170 2640 1830 

Mean 87 173 917 633 
P-Brc A 320 190 20 30 
P-Ths B 230 160 150 310 
P-Grf C 30 680 880 1510 
P-Tag D 0 0 230 100 

Mean 145 258 320 488 
F-Dsc A 450 470 310 2070 
F-Pip B 250 20 100 430 
F-Smn C 90 0 2890 8630 
F-Clb D 0 0 310 0 

Mean 198 122 902 2782 


* N= Normal Group; P-—Parietal Group; Е = Frontal Group. 


Thirdly, on the random-start versions of the extrapersonal task (fig. 4) both the 
Frontal and Parietal Groups demonstrated a significant impairment compared to the 
normal performance. The Kruskal-Wallis analysis of variance indicated significant 
overall differences among the three groups for both the two-element and three- 
element versions of the task. For the 2-element version Н = 6:20, P < 0-05, and 
for the 3-element version H — 6:40, P — 0-05. For the 2-element version the Mann- 
Whitney U test gave a U — 0, P — 0-028 for comparisons between both the Frontal 
and Normal Groups and between the Parietat and Normal Groups. For the 
3-element versions the comparison between the Parietal and Normal Groups gave 
a nonsignificant U —2, P=0-114. There was complete overlap between the 
Frontal and Parietal groups on both versions of the extrapersonal ‘next-to’ tasks. 


Fourthly, on the random-start tasks, the performance of all monkeys, including the 
impairment shown by the Frontal Group, was independent of the level of testing 
sophistication they had attained prior to beginning these tasks. On the free-start 
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FiG 3 Personal ‘next-to’ task. The cumulative number of trials required to reach each successive performance 
level (percentage correct) during acquisition of two versions of the task are presented for each experimental group. 
Two-press version —initialize press, then press the panel next to the panel just pressed. Three-press version — 
initialize press, then press the panel next to the panel just pressed, then press the panel next to either one of the 
two panels just pressed. All monkeys learned the two-press version first and then the three-press version. 
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Бо. 4. Extrapersonal ‘next-to’ task Learning curves are presented as in fig 3 Two-press version—initialize 
press, then press the panel next to the single green panel Three-press version—initialize press, then press the panel 
next to the single green panel, then press the panel next to either one of the two adjacent green panels. All monkeys 
learned the two-press version first and then the three-press version 


618 BETTY ANN BRODY AND KARL H. PRIBRAM 


tasks there was a significant tendency for the monkeys who learned the extra- 
personal tasks before the personal tasks (Training Groups A and B) to reach 
criterion more slowly (U = 2, P — 0:02, N,,, = 6,5 two-tailed) on the extrapersonal 
tasks and more quickly on the personal tasks (U — 1, P — 0-008) than those who 
learned the tasks in the reversé order (Training Groups C and D). However, there 
were no differences among the lesion groups in this tendency, and the effect became 
insignificant by the 3-element version of each task. Similar comparisons for the 
random-start tasks indicated extensive overlap among the performances of the 
training groups (Table 2). 


TABLE 2. TRIALS TO 90 PER CENT PERFORMANCE LEVEL 
"NEXT-TO' 
RANDOM-START TASKS 


Training Extrapersonal Personal 
Subjects group 2-press 3-press 2-press 3-press 
N-Lns A 530 0 340 610 
N-Zld B 480 490 1680 2570 
N-Gld C 550 230 3890 1530 
Mean 520 240 1970 1570 
P-Brc A 820 10 1520 510 
P-Ths B 1910 640 2720 1790 
P-Grf C 980 850 2310 2310 
P-Tag D 1470 1080 780 2180 
Mean 1295 645 1832 1698 
F-Dsc A 2630 1360 2160 2550 _ 
F-Pip B 880 630 2090 3100* 
F-Smn C 1350 330 2330 13580 
F-Clb D 1590 600 3620 5130 
Mean 1612 730 2550 6090 


* Training stopped after 80 per cent but before 90 per cent criterion attained. 


In order to detect any further difference in the nature of impairments produced 
by frontal or parietal cortical damage, several types of error analyses were per- 
formed on the data from the random-start versions of both ‘next-to’ tasks. 

While learning the personal task the monkeys made many of their errors by 
pressing the other one of the two ‘initialize’ panels. The number of incorrect presses 
on the ‘other-initialize’ panel was tallied for the first 100 non-repeat errors made in 
learning the 2-element version. The expected frequency of such an error in 100 
trials is 7. The means of the observed frequencies for the Normal, Parietal, and 
Frontal Groups gave Z scores respectively of 9-04, 16-7, and —0-2. That is, both 
the monkeys of the Parietal and Normal Groups, but not the Frontal Group, 
made significantly more of such errors than would be expected by chance. 
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For the extrapersonal 'next-to' task where the Frontal Group was as impaired 
as the Parietal Group, none of the error analyses revealed any differences in 
behavioural strategies. The first 100 trials in which each monkey made exactly 
50 correct responses were tallied according to the location to the right or left of 
the green cue for the correct responses and the spatial location for the incorrect 
responses. The data indicated that all monkeys distributed their correct responses 
relatively equally to the right and left of the green cue, and there were no group 
differences. There were no differences among the groups in the tendency to incor- 
rectly respond to the green cue itself, to incorrectly press panels that were on the 
same horizontal row but separated from the cue by one panel, or to incorrectly 
press panels that were vertically or diagonally next to the cue. Furthermore, there 
were no differences among the groups in the tendency to continue incorrectly 
pressing the panel next to the ‘initialize’ panel. 


Sequence Tasks 


The data from both the externally-ordered and internally-ordered sequence 
problems reveal several striking results. First, the level of sophistication was quite 
clearly the most important variable in determining the ease with which rhesus monkeys 
were able to learn such sequences regardless of the type of brain damage they sustained. 
Second, the monkeys with frontal ablations showed a striking impairment which was 
dependent on their level of sophistication. 

However, sophistication apparently needs to be defined differently for the two 
types of sequences. In the case of the externally-ordered sequences, any extended 
experience with the automated apparatus produced sophistication. Not only did 
the two training groups (C and D) which had learned the internally-ordered 
sequences first perform well on the externally-ordered sequences, but the monkeys 
in Group A, who had finished the spatial tasks, also performed equally well 
despite the fact that the externally-ordered sequences were the first sequences they 
experienced (Table 3). In the case of the internally-ordered sequences, general 
sophistication apparently did not suffice. Only those two training Groups (A 
and B) which had previously learned externally-ordered sequences were able to 
learn the two 2-element sequences significantly faster than either of the other two 
training groups regardless of their level of general sophistication (Table 4). 

The learning curves of the monkeys with parietal damage showed complete 
overlap with the curves of the normal monkeys at each criterion level; this was 
true for both the sophisticated and the naive monkeys (see Tables 3 and 4). There- 
fore, in order to determine which factors were contributing to the differences 
between the groups, two-way analyses of variance were calculated on each of the 
sequences at the 90 per cent criterion level with the Parietal and Normal Groups 
combined to form a single Control Group. The two factors analysed were (a) level 
of sophistication and (b) presence or absence of frontal cortical damage. A signi- 
ficant effect due to level of sophistication was obtained on the three easiest of the 
six sequences trained; that is, the ‘red’-‘green’ (Е = 48:8, d.f. = 1/10, P < 0-001) 
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TABLE 3. TRIALS TO 90 PER CENT PERFORMANCE LEVEL EXTERNALLY-ORDERED 
SEQUENCE TASKS 


Training 
Subjects group Red-green 0-2 0-2-6 
Naive 
N-Zld B 1780 670 4150 
P-Ths B 1990 670 4380 
Mean 1885 670 4265 
F-lss B 2420 1100 5160 
F-Pip B 2180 2040 12160 
F-Ali B 2410 2050 4000 
F-Mdb B 2880 1670 6670 
Mean 2472 1715 6998 
Sophisticated 
N-Lns A 610 590 1400 
N-Gld C 1520 830 7180 
N-Brc A 370 550 2830 
P-Grf C 410 140 1400 
P-Tag D 680 600 4570 
Mean 748 542 3476 
F-Dsc A 390 630 2380 
F-Smn C 640 670 4830 
F-Clb D 1060 110 3030 
Mean 697 470 3413 


and the ‘0’-‘2’ (F= 14, d.f. = 1/10, Р — 0-004) externally-ordered sequences and 
the 'blue'-'yellow' (Е = 42, d.f. = 1/10, P — 0-001) internally-ordered sequence. 
There was both a significant lesion effect and a significant interaction between 
level of sophistication and lesion for the '0'-2" sequence (Е = 7-1, d.f. = 1/10, 
P «0-024; and F=9-3, d.f. = 1/10, P<0-012 respectively) and for the ‘blue’- 
‘yellow’ sequence (Е = 12:9, d.f. = 1/10, P<0-005; and F—10, d.f. = 1/10, 
— «0-010 respectively). 

Specific comparisons indicate that naive monkeys with frontal ablations had 
a significant deficit in reaching the 90 per cent criterion compared to the naive 
controls; for 'red'-'green' (t— 2:56, d.f. —4, P<0-05); for '0-2" (t— 3-12, 
d.f. — 4, P < 0-05); and for ‘blue’-‘yellow’ (t = 2-54, d.f. —3, P < 0-05). In con- 
trast, the sophisticated monkeys with frontal ablations performed extremely well. 
Their learning scores were completely within the range of those of the sophisticated 
monkeys from the Parietal and Normal Groups. The differences between the mean 
scores of the naive and sophisticated monkeys with frontal ablations were highly 
significant; for ‘red’-‘green’ (t — 7-44, d.f. —5, P < 0-005); for ‘0’-‘2’ (t — 4-09, 
d.f. = 5, P < 0:005); and for “blue’-‘yellow’ (t = 5-01, d.f. = 5, P 0-005). 
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- TABLE 4. TRIALS TO 90 PER CENT PERFORMANCE LEVEL INTERNALLY-ORDERED 
SEQUENCE TASKS 


Training 
Subjects group . Yellow-blue 4-5 
Naive 

N-Gld C 1390 9450 
P-Grf C 2510 350 
P-Tag D 3320 2200 
Mean 2406 4000 

F-Smn C 4700 4230 
F-Clb D 8900 1320 
Mean 6800 2775 

Sophisticated 

N-Lns A 30 80 
N-Zid B 500 240 
P-Brc A 140 790 
P-Ths B 310 330 
Е Mean 245 360 

F-Dsc A 90 :290 
F-Iss B 20 Ds 
F-Pip B 50 7040 
F-Ali B 610 | 650 
F-Mdb B 1830 — 
Mean 520 2660 


The learning curves for the three externally-ordered sequences (fig. 5) suggest 
that the naive controls became sophisticated faster than the naive monkeys with 
frontal ablations. However, there were too few subjects in the Control Group for 
the interaction effect to attain statistical significance in a three-way analysis of 
variance with repeated measures on the three sequence problems. 

The ease with which each monkey was able to solve the internally-ordered 
sequences correlated highly with the degree to which the monkey limited the 
number of possible sequences he actually used during a session. The monkeys were 
ranked according to the number of times each monkey used the same one of the 
two possible correct sequences during the first 100 trials in which he made exactly 
90 correct responses. The Spearman rank correlation (two-tailed) between that 
ranking and the ranks on trials to a 90 per cent criterion was Rho = 0-68, Р < 0-01 
for ‘blue’-‘yellow’ and Rho = 0:63, P < 0-05 for ‘4’-‘S’. The sophisticated monkeys 
had means of 88 and 87 responses of the same order for the ‘blue’-‘yellow’ and 
“4-45 sequences respectively while the naive monkeys had respective means of only 
62 and 69 responses of the same order. Moreover, those monkeys who had pre- 
viously learned the fixed sequence ‘red’-‘green’ began the “blue’-‘yellow’ sequence 
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using almost exclusively the yellow-blue order even though either order was 
correct. There was no particular tendency for the monkeys with frontal ablations 
to limit the number of possible sequences they used more or less than the control 
monkeys. Only 3 (one monkey each from the naive Frontal, sophisticated Frontal, 
and sophisticated Parietal Groups) of the 11 monkeys trained on the 3-element 
internally-ordered sequence showed any tendency to limit their choices among the 
six correct possible sequences. Each of these 3 showed a significant tendency to 
begin the trial with the stimulus ‘5’. Moreover, these 3 plus one additional normal 
sophisticated monkey were the only monkeys able to reach an 80 per cent criterion 
within the allotted 10,000 trials. The remaining 8 monkeys required between 
7,000 and 10,000 trials to reach a performance level of 70 per cent correct, and there 
was complete overlap in the learning curves of all training groups regardless of 
lesion or level of sophistication. 

For the 3-element externally ordered sequence there were six possible incorrect 
responses: ‘2’, ‘6’, ‘0’~‘0’, 0-6, ‘0-2-0, and ‘0’~‘2’~‘2’. For the 3-element 
internally-ordered sequence there were three types of incorrect responses: XX, 
ХҮҮ, or XYX. An analysis of the type of error made at the 50 per cent performance 
level for both sequences also failed to reveal any consistent differences among 
groups. 

DISCUSSION 
Spatial Tasks 

The purpose of this part of the study was to re-examine the relevance ofa personal- 
extrapersonal spatial dichotomy to frontal and parietal cortical function by train- 
ing monkeys on conceptually simple ‘next-to’ tasks. The results did not provide 
the double dissociation predicted by this dichotomy: while the Parietal Group was 
impaired only on the extrapersonal ‘next-to’ task, the Frontal Group was impaired 
on both the personal and extrapersonal ‘next-to’ tasks, but only under a random- 
start condition. i 

The fact that the monkeys of the Parietal Group were significantly impaired on 
a task which required them to press a panel next to a green cue but were unimpaired 
on a more difficult task which required them to press the panel next to their own 
previous press supports the usefulness of the extrapersonal-personal spatial 
distinction with respect to parietal function. It is true that the Parietal Group did 
not show the expected deficit on the initial free-start version of the extrapersonal 
task. However, in that version the ‘initialize’ panel itself became green so that the 
task could be solved by ignoring the green cue and simply pressing the panel next 
to the ‘initialize’ panel, that is, by treating the task as if it were a personal ‘next-to’ 
task. It is interesting that these findings from monkeys parallel the findings from 
patients with parietal damage confined to the right hemisphere. Such patients show 
only extrapersonal spatial deficits even though patients with left parietal damage 
show both personal and extrapersonal spatial deficits (Semmes et al., 1963; 
Teuber, 1964; Butters et al., 1973). 
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The surprising result in this study was that the Frontal Group was as impaired 
as the Parietal Group on the random-start extrapersonal ‘next-to’ task. Neither an 
emphasis on spatial memory impairments (Goldman et al., 1971) nor on personal 
spatial orientation (Semmes et al., 1963; Pohl, 1973) would have predicted that 
monkeys with frontal damage should have any deficit on a task which simply 
required the monkey to press a panel next to a visible green cue. The task required 
neither memory nor personal orientation. 

The importance of the spatial factor with respect to frontal cortical control 
mechanisms was first suggested by Mishkin and Pribram (1955, 1956) when they 
‘found that several non-spatial variations of the delayed-response and delayed- 
alternation tasks improved the performance of monkeys with frontal resections. 
Although a spatial hypothesis became less tenable when they next demonstrated 
that frontal resections produced deficits on an extremely difficult right-left alterna- 
tion task that were as severe as those on spatial alternation, an unusually good 
performance on object alternation by one monkey in the Frontal Group called for 
further analysis (Pribram and Mishkin, 1956). To this end, Pribram (1961) devised 
a multiple location object alternation test which was more readily learned by 
monkeys. However, he continued to find a deficit after frontal lesions although 
performance (70 per cent) was better than on spatial alternation (50 per cent). 
Mishkin, Vest, Waxler and Rosvold (1969), using Pribram's new test, then found 
a dissociation between object and spatial alternation by making more restricted 
resections within tbe frontal cortex. They demonstrated that monkeys with lateral 
frontal resections confined more dorsally to the region of the sulcus principalis 
continued to have a profound deficit on spatial alternation but were able to attain 
a performance level of 80 per cent on object alternation. In contrast their monkeys 
with more 'ventral' resections, including both orbitofrontal and ventrolateral 
frontal cortex showed profound deficits on both the spatial and object alternation 
tasks suggesting the monkeys were disturbed by the reversal factor involved in 
both tasks. 

These results indicate that different functions may be differentially localized 
within the frontal cortex. Despite this, we chose to utilize the larger dorsolateral 
resection defined by tle projection of the parvicellular portion of the nucleus 
medialis dorsalis (Pribram, Chow and Semmes, 1953) thus invading the ventro- 
lateral cortex. This choice was made because we wanted to evaluate both spatial 
factors (on the basis of the above data presumably located around the sulcus 
principalis) and temporal factors (possibly located more ventrally). As we were 
interested in analysing the nature of the deficit rather than its localization, we 
utilized the small number of subjects available to such a study to control for test 
variables rather than to subdivide the group according to a variety of lesions. 
However, because the resections did include the entire anterior lateral surface, 
possible effects specifically due either to damage to the frontal eye fields (area 8) 
or to invasion of the ventrolateral surface must be considered. 

Results of earlier studies indicate that an explanation in terms of peripheral 
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inattention or neglect due to damage to the frontal eye field is unlikely to account 
for the observed data. Monkeys with unilateral damage to area 8 do demonstrate 
transient neglect of the contralateral visual field, but they do not show neglect 
after bilateral damage (Kennard, 1939; Pribram, 1955). Presumably if frontal 
damage caused an attentional neglect of the peripheral field of vision, the errors 
made by the Frontal Group would centre around whatever point on the response 
panel array the particular monkey tended to fixate. Fixation points were not 
measured in this study ; however, the Frontal Group demonstrated the same error 
patterns as did the Parietal and Normal Groups on the extrapersonal ‘next-to’ task. 
This pattern of error was in fact random with respect to both the green cue and the 
‘initialize’ panel. 

Mishkin and others have postulated that the ventrolateral surface is part of the 
frontal cortical region in which damage produces perseverative interference 
(Mishkin, 1964; Butter, 1969; Iversen and Mishkin, 1970; Passingham, 1972). 
In the present study, the method of training the monkeys to learn the extrapersonal 
'next-to' task involved a shift from the free-start version in which the green cue 
appeared on the panel the monkey had just pressed (necessitating a response to 
the panel next to the first press) to a random-start version in which the green cue 
appeared in random locations (generally necessitating responses away from the 
‘initialize’ panel). This shift in the response pattern requirement could have 
created deficits due to perseverative response tendencies. However, error analyses 
revealed that there were no differences among groups in the tendency to perse- 
verate the response next to the ‘initialize’ panel. By the time the monkeys had 
attained a 50 per cent correct performance level such perseverative errors con- 
stituted less than 15 per cent of the errors for each group. Furthermore, when the 
monkeys from this study were trained on a landmark reversal problem, the Frontal 
Group demonstrated a normal performance (Ungerleider and Brody, 1977). 
Reversal learning tasks in general have been shown to be extremely sensitive to 
perseverative interference errors (Mishkin, 1964; Iversen and Mishkin, 1970). 
Therefore, if the monkeys had sustained sufficient damage to the ventrolateral 
surface to account for their deficits on the basis of perseverative interference, they 
should also have demonstrated significant perseverative interference on the land- 
mark reversal task. 

Thus neither a peripheral inattention hypothesis nor a perseverative interference 

‚ hypothesis adequately accounts for the data. However, other details of the per- 
formance of the monkeys with frontal lesions suggest an alternate explanation for 
the unexpected difficulty the Frontal Group had with the random-start extra- 
personal task. 

First, the data indicate that the Frontal Group demonstrated an impairment on 
the personal ‘next-to’ tasks only if the ‘initialize’ cues shifted spatial location 
randomly from trial to trial and only during the 3-element version of the task. 
Observation of the monkeys during the learning of this task indicated that this 
impairment was due to their inability to flexibly shift their response patterns from 
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a left-right movement to a right-left movement, or vice versa, when the location of 
the ‘initialize’ cues on the response-panel display demanded the direction of move- 
ment opposite to the individual monkey's preferred direction. Only the 3-element 
version in which three consecutive panels had to be pressed within a four-panel 
row required frequent shifts in the response pattern. 

In addition, still other aspects of the data indicate that the Frontal Group might 
have been relying heavily on movement stereotypes to solve the personal *next-to' 
task. When the monkeys were first learning the task, the Frontal Group made 
significantly fewer errors by pressing the other one of the two ‘initialize’ panels 
than either the Normal or Parietal Groups. Unlike the other monkeys, they made 
that error at chance frequency. The occurrence of such an error at a level greater 
than would be expected by chance implies that the monkey remembered correctly 
where the location of the stimulus was before all the panels became identically lit. 
The fact that the Frontal Group showed no evidence of remembering where the 
initialize cues had been strongly suggests that their normal performance on the 
random-start 2-element personal task was dependent on movement stereotypes 
learned in the initial free-start versions. Moreover, the lack of a significant group 
effect in the 2-element random-start task was due more to the increased variance 
of the ability of the Normal Group to solve this more difficult task than to a parti- 
cularly inspired performance by the Frontal Group. 

Thus, the ability of the monkeys in the Frontal Group to depend on movement 
stereotypes could explain their normal performance on the free-start and the 
2-element random-start personal task. These movement patterns failed in the 
3-element version of the personal *next-to' task specifically because flexibility of 
response was required. Perhaps then the deficits of the Frontal Group were 
unrelated to spatial processes in both the personal and extrapersonal ‘next-to’ 
task. 

Recent neurophysiological findings provide evidence relevant to this question. 
There is a population of single units in posterior parietal cortex which responds 
when arm movements towards relevant stimuli are co-ordinated with visual fixa- 
tion of those stimuli in space (Hyvarinen and Poranen, 1974; Mountcastle, Lynch, 
Georgopoulos, Sakata and Acuna, 1975). These data support the view that the 
posterior parietal region is specifically concerned with spatial orientation. In 
contrast single units in dorsolateral frontal cortex do not respond in relation to 
arm movements but rather respond when the monkey must hold relevant informa- 
tion in memory prior to making a response in a delayed response or delayed alterna- 
tion paradigm (Fuster, 1973; Kubota and Niki, 1971; see also Stamm and Rosen's 
macroelectrode analysis, 1969). Thus neurophysiological data as well as the 
behavioural data of this study suggest that the frontal cortex is involved in higher- 
order control functions. Such functions are easily tapped by personal spatial tasks 
but may also be tapped by other problems, such as the extrapersonal 'next-to' task 
and the sequence tasks which constitute the other part of this report. 
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Sequence Tasks 


The purpose of this part of the study was to evaluate the importance of anterior 
: frontal cortex in controlling sequences of behaviour when such sequences аге 
completely independent of spatial location and to re-examine the effect of forcing 
a monkey to internally organize his own sequence at each trial rather than providing 
him with a predetermined externally imposed set of rules to guide his responses. 

The results indicate that neither spatial memory nor the different types of temporal 
memory demands inherent in the two kinds of sequence problems are critical 
factors in determining the ability of monkeys with anterior frontal ablations to 
solve complex problems. First, the naive Frontal Group demonstrated a clear 
impairment in learning both the externally and simplest internally-ordered 
sequences, but that impairment did not appear on any of the sequence problems if 
the monkeys had previously acquired extensive testing experience. Second, regard- 
less of presence or locus of lesion the sophisticated monkeys learned the externally- 
ordered sequences significantly faster than the naive monkeys. 

With respect to the externally-ordered sequence the results of this study are 
therefore in agreement with those of the study by Pinto-Hamuy and Linck (1965), 
but they provide an alternative explanation. The monkeys in that earlier study all 
had had extensive experience with internally-ordered sequence problems prior to 
learning the externally-ordered sequence. Hence they were sophisticated by the 
definition used here, and like the monkeys in the present study, the Frontal Group 
learned the latter sequence as quickly as the normal controls. 

Pinto-Hamuy and Linck had concluded on the basis of their results that monkeys 
with frontal ablations are impaired on sequence problems specifically when the 
elements of the sequence must be internally ordered by the monkey. However, it 
now appears that there are three possible factors which could account for the poor 
performance of the Frontal Group on their internally-ordered tasks: (1) the task- 
tested spatial memory; (2) the internally-ordered sequence task required a different 
type of memory organization than the externally-ordered sequence task; and 
(3) the monkeys had no prior DADTA testing experience, and were therefore 
naive. 

The results of the present study suggest that in fact the third factor was the 
critical one. First, the spatial memory factor can be ruled out since the present data 
indicate that under certain conditions the Frontal Group showed a significant 
impairment on sequence problems even though demands on spatial memory had 
been eliminated. It is more difficult to rule out one or the other of the remaining 
two possibilities on the basis of the current results. Although general testing 
experience with the DADTA enabled all of the monkeys to learn the externally- 
ordered sequences quickly, it was not sufficient to enable them to learn the 
internally-ordered sequences quickly. For these latter sequence problems only 
those monkeys. who had learned the former sequence problems were aided by 
their previous testing experience, and in those cases the transfer seemed to be 
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directly from performing the ‘red’-‘green’ sequence in the required order red-green 
to invariantly performing the ‘blue’-‘yellow’ sequence in the order yellow-blue. 
The effect of sophistication therefore seemed mainly to predispose the monkeys 
towards restricting their own alternatives. Such restrictions actually changed the 
internally-ordered sequences into externally-ordered ones. It is therefore impossible 
to determine from the data if an intact frontal cortex would have been necessary 
to allow the monkey to perform the internally-ordered sequences normally while 
choosing different orders for those sequences on each trial. The data do indicate 
that when faced with such difficult sequences the sophisticated Frontal Group was 
able to impose the restrictions on their own choices as quickly as the sophisticated 
Control Group. Thus there is some evidence that the critical factor in determining 
the relative performance of the Frontal Group was not the type of memory 
required by the sequence tasks but rather was the level of testing experience in the 
DADTA the monkeys had attained before beginning any particular sequence. 

If the previous level of testing experience affected the performance of the Frontal 
Group more than that of the Control Group, the implication is that frontal cortical 
ablations made the monkeys less able to integrate or compensate for some feature 
of the training situation. That feature appears to be the continuous shifting of the 
spatial location of the stimuli. Like the solutions to the random-start ‘next-to’ 
problems, the solutions to the sequences were made independent of absolute 
spatial location by having the stimuli appear in random spatial locations from step 
to step within each trial. Moreover, this same Frontal Group showed a significant 
deficit in learning simultaneous two-choice discrimination problems in the DADTA 
where again the stimuli appeared in random spatial locations from trial to trial but 
learned similar problems at a normal rate in a Wisconsin General Testing Apparatus 
where the stimuli remained within the same two locations each trial (Brody, 
Ungerleider and Pribram, 1977). 


Concluding Remarks 


The normal performance of the Frontal Group on the initial and the 2-element 
personal 'next-to' tasks and of the sophisticated members of the Frontal Group 
on the sequences indicate that neither sequencing per se nor personal spatial 
orientation or spatial memory per se is dependent on intact functioning of the 
frontal cortex. The frontal cortex must be involved in higher-order control of 
stimulus-response correlation and organization. 

А clue to the nature of that higher-order function lies in the difference between 
the good performance of the monkeys with frontal damage on the free-start 
versions and their consistent poor performance on the random-start versions of 
both the extrapersonal and personal ‘next-to’ tasks. The critical factor producing 
the frontal deficit on the 'next-to' tasks is the variable nature of the relevant 
stimulus or the required response— in one case the location of the green cue and in 
the other the starting location or the direction of movement required. 


SPATIAL AND SEQUENCE FUNCTIONS 629 


Moreover, the data strongly suggest that damage to the frontal cortex causes 
monkeys to be adversely affected by lack of stability in the spatial location of 
relevant stimuli even when the spatiallocation provides a context which is irrelevant 
to the solution of the problem. In order to solve-the sequence problems the monkey 
must learn that the spatial context is not relevant; he must eliminate all hypotheses 
based on spatial location. However, if the monkey is especially sensitive to spatial 
distractors, he will have greater difficulty in learning to ignore that aspect of the 
stimuli. An earlier study utilizing the DADTA (Grueninger and Pribram, 1969) 
had indicated that irrelevant spatial distractors (an irrelevant stimulus appearing in 
novel spatial locations) were particularly potent in disrupting the performance of 
monkeys with frontal ablations on a well-learned task. The present study suggests 
that when the variable aspects of the stimuli are irrelevant, the disruptive effect 
of such variability can eventually be circumvented even by monkeys with frontal 
lesions. When the monkeys with frontal damage finally did learn to ignore the 
irrelevant shifting spatial context, they had no further difficulty in learning non- 
spatial discrimination problems (Brody, Ungerleider and Pribram, 1977) or in 
ordering nonspatial sequences. This ability to eventually ignore irrelevant spatial 
variabilities may explain why such monkeys are better able to learn object alterna- 
tions than spatial alternations (Pribram, 1961; Mishkin et al., 1969) despite the fact 
that both tasks represent unparsed sequences of regularly varying correct choices. 

In contrast to the sequence problems, the critical issue for the *next-to' problems 
was where to press, not what to press. The spatial context remained relevant to the 
solution of the problem, but that context varied from trial to trial. It is interesting 
that although the solution required abstracting the concept of relative spatial 
position, ‘next-to’, it was the shifting of the absolute spatial locations which con- 
stituted the unreliable context. Thus, in the current ‘next-to’ tasks, just as in the 
case of the delayed-response task where the spatial context is relevant but unreliable 
(Anderson, Hunt, Vander Stoep and Pribram, 1976), frontal damage produced 
a deficit. The data therefore indicate that the frontal cortex is essential to the 
ability to perform tasks in which context varies. This ability is essential to allow 
flexibility in response (Pribram, et al., 1964) appropriate to the demands of such 
tasks. The effect of frontal damage can be seen as a lack of flexibility of response 
when the context prohibits stable or routine response patterns (as with the 3-element 
persona] ‘next-to’ task) or it can be manifest as a deficient ability to abstract the 
relevant stimulus parameters when the cues constituting context vary (as in the 
sequence tasks, discrimination problems, or the extra-personal ‘next-to’ task). 
The interpretation of the current finding as indicating that frontal cortex is essential 
to an ability to perform tasks in which context varies is not only consistent with 
other data obtained from monkeys but also provides a framework for under- 
standing the classic finding that patients with damage to the frontal cortex have 
difficulty generating flexible response patterns in the face of changing environ- 
mental demands (for example, Ackerly and Benton, 1948; Milner, 1964; Pribram, 
et al., 1964; Luria, 1966). 
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SUMMARY 


Normal monkeys and monkeys with resection of anterior frontal or posterior 
parietal cortex were trained to press a panel next to a green panel as a test of extra- 
personal spatial orientation and to press a panel next to their own prior press as 
a test of personal spatial orientation. All monkeys also learned two sets of sequence 
problems in which the solutions were made independent of spatial location by 
randomly shifting the locations of the-stimuli after each response within a trial. 
The Parietal Group was significantly impaired on the extrapersonal ‘next-to’ 
task but not the more difficult personal ‘next-to’ task. The Frontal Group was 
impaired on both the personal and the extrapersonal ‘next-to’ tasks but only when 
the relevant cues shifted spatial locations from trial to trial. The performance of the 
Parietal Group completely overlapped that of the Normal Group on the sequence, 
problems regardless of the level of testing sophistication the monkeys had attained. 
In contrast, the Frontal Group demonstrated a significant impairment in learning 
sequences but only when the monkeys were naive. Once they became sophisticated, 
they learned each sequence at a normal rate. Their poor performance was attributed 
to the lack of stability in the spatial location.of the stimuli. The data support the 
view that a distinction between personal and extrapersonal spatial orientation is 
relevant to posterior parietal function but indicate that neither sequencing per se 
nor personal spatial orientation or spatial memory per se is dependent on intact 
frontal functioning. Rather, the frontal cortex is involved with a higher-order 
control essential to allow the monkey to perceive the reliable aspects of stimuli 
contained in a stimulus context full of unreliable noise and to further allow for 
_ flexible response pattern appropriate to the demands of a variable context. 


ACKNOWLEDGEMENTS 


The authors wish to express appreciation to Dr. Leslie Ungerleider for her criticisms and assistance 
in the preparation of this manuscript, to Angela DiBerardino for histological assistance, to Karl Drake 
for technical assistance, to Bruce Rule for computer programming, and to Dr. Helena Kraemer, Hugh 
McDonald, and Dr. Benjamin Dawson for assistance with the statistical analysis. This research was 
supported by National Institute of Mental Health Grants 12970-11 and K6-15214 to Karl Н. Pribram 
and National Institute of Mental Health Predoctoral Fellowship HSMHA 1501MH 54525 to Betty 
Ann Brody and was part of the doctoral dissertation for the Ph.D. granted to Betty Ann Brody by 
Stanford University. 


REFERENCES 


ACKERLY, S. S. and Benton, A. L. (1948) Report of case of bilateral frontal lobe defect. Research 
Publications. Association for Research m Nervous and Mental Diseases, 27, 479-504. 


ANDERSON, В. M., HUNT, S. C., VANDER STOEP, A. and PRIBRAM, K. Н. (1976) Object permanency and 
delayed response as spatial context in monkeys with frontal lesions. Neuropsychologia, 14, 
481-490. 


SPATIAL AND SEQUENCE FUNCTIONS { 631 


BONIN, С. von and Barry, P. (1947) The Neocortex of Macaca Mulatta. Illinois Monographs ın the 
Medical Sciences. Chicago: University of Illinois Press. 


Bropy, B. A., UNGERLEIDER, L. С. and PRIBRAM, К. Н. (1977) The effects of instability of the visual 
display on pattern discrimination learning by monkeys: Dissociation produced after resections 
of frontal and inferotemporal cortex. Neuropsychologia, 15, 439-448. 


BUTTER, C. (1969) Perseveration in extinction and discrimination reversal tasks following selective 
frontal ablations in Macaca Mulatta. Physiology and Behaviour, 4, 163-171. 


“BUTTERS, N. and Barton, M. (1970) Effects of parietal lobe damage on the performance of reversible 
operations in space. Neuropsychologia, 8, 205-214. 


—— -— апа Bropy, В. A. (1970) Role of the right parietal lobe in the mediation of cross-modal 
associations and reversible operations in space. Cortex, 6, 174-190. 


——  SOELDNER, C. and ЕЕрЮ, P. (1972) Comparison of parietal and frontal lobe spatial deficits ın 
man: Extrapersonal vs. personal (egocentric) space. Perceptual and Motor Skills, 34, 27-34. 


CRITCHLEY, M. (1953) The Parietal Lobes. New York: Hafner Publishing Co. 


Fuster, J. M. (1973) Unit activity in prefrontal cortex during delayed-response performance: Neuronal 
correlates of transient memory. Journal of Neurophysiology, 36, 61-78. 


(GERSTMANN, J. (1940) Syndrome of finger agnosia, disorientation for right and left, agraphia and 
acalculia. Archives of Neurology and Psychiatry, Chicago, 44, 398-407. 


GOLDMAN, P. S. and Воѕуо1р, Н. E. (1970) Localization of function within the dorsolateral prefrontal 
cortex of the rhesus monkey. Experimental Neurology, 27, 291-304. 


—— —— — Vest, B. and GaLxi, T. W. (1971) Analysis of the delayed-alternation deficit produced 
by dorsolateral prefrontal lesions in the rhesus monkey. Journal of Comparative and Physio- 
logical Psychology, T1, 212-220. 


GRUENINGER, W. E. and PRIBRAM, K. H. (1969) Effects of spatial and nonspatial distractors on per- 
formance latency of monkeys with frontal lesions. Journal of Comparative and Physiological 
Psychology, 68, 203-209. 


HYVARINEN, J. and PORANEN, A. (1974) Function of the parietal associative area 7 as revealed from 
cellular discharges in alert monkeys. Brain, 97, 673-692. 


Iversen, S. D. and MISHKIN, M. (1970) Perseverative interference in monkeys following selective 
lesions of the inferior prefrontal convexity. Experimental Bram Research, 11, 376-386. 


JACOBSEN, C. Е. (1936) Studies of cerebral functions in primates. I. The function of the frontal associa- 
tion areas in monkeys. Comparative Psychology Monographs, 13, 1-60. 


— — and Nissen, H. W. (1937) Studies of cerebral function in primates. IV. The effects of frontal 
lobe lesions on the delayed alternation habit in monkeys. Journal of Comparative Psychology, 
23, 101-112. 


KENNARD, M. A. (1939) Alterations in response to visual stimuli following lesions of frontal lobe in 
monkeys. Archives of Neurology and Psychiatry, Chicago, 41, 1153-1165. 


Кімвів, D. P. and PRIBRAM, К. Н. (1963) Hippocampectomy and behavior sequences. Science, 139, 
824-825. 


KUBOTA, K. and Міка, Н. (1971) Prefrontal! cortical unit activity and delayed alternation performance in 
monkeys. Journal of Neurophysiology, 34, 337-347. 


632 BETTY ANN BRODY AND KARL H. PRIBRAM 


Luria, A. К. (1966) Human Brain and Psychological Processes. (Translated by Basil Haigh). New York: 
Harper and Row. 


-——  PRIBRAM, К. Н. and Homsxaya, E. D. (1964) An experimental analysis of the behavioral 
disturbance produced by a left frontal arachnoidal endothelioma (meningioma). Neuro- 
psychologia, 2, 257-280. 


MILNER, B. (1963) Effects of different brain lesions on card sorting: The role of the frontal lobes. Archives 
of Neurology, Chicago, 9, 99-100. 
——— (1964) Some effects of frontallobectomy in man. In: The Frontal Granular Cortex and Behavior. 
Edited by J. M. Warren and K. Akert. New York: McGraw Hill, pp. 313-334. 


—— (1971) Interhemispheric differences and psychological processes in man. British Medical 
Bulletin, 27, 272-277. 


MISHKIN, M. (1964) Perseveration of central sets after frontal lesions in monkeys. In: The Frontal 
Granular Cortex and Behavior. Edited by B. M. Warren and K. Akert. New York: McGraw- 
Hill, pp. 219-241. 
——— and PRIBRAM, K. H. (1955) Analysis of the effects of frontal lesions in monkey. I. Variations of 
delayed alternation. Journal of Comparative and Physiological Psychology, 48, 492-495. 


— — —— (1956) Analysis of the effects of frontal lesions in monkey. II. Variations of delayed 
response. Journal of Comparative and Physiological Psychology, 49, 36-40. 


——— Vest, B., WAXLER, M. and Rosvorp, Н. E. (1969) A re-examination of the effects of frontal 
lesions on object alternation. Neuropsychologia, 7, 357-363. 


MOUNTCASILE, V. B., LvNCR, J. C., GEORGOPOULOS, A., SAKATA, Н. and Acuna, C. (1975) Posterior 
parietal association cortex of the monkey: Command functions for operations within extra- 
personal space. Journal of Neurophysiology, 38, 871-908. 


——— . PASSINGHAM, R. E. (1972) Non-reversal shifts after selective prefrontal ablations in monkeys 
(Macaca mulatta). Neuropsychologia, 10, 41-46. 


PrNTO-HAMUY, T. and LiNCK, P. (1965) Effect of frontal lesions on performance of sequential tasks by 
monkeys. Experimental Neurology, 12, 96-107. 


Pour, W. (1973) Dissociation of spatial discrimination deficits following frontal and parietal lesions in 
monkeys. Journal of Comparative and Physiological Psychology, 82, 227-239. 


———  PoPPEN, К. L., PRIBRAM, K. H. and Ковімѕом, R. S. (1965) Effects of frontal lobotomy ш man 
on the performance of a multiple choice task. Experimental Neurology, 11, 217-229. 


PRIBRAM, К. Н. (1955) Lesions of ‘frontal eye fields’ and delayed response of baboons. Journal of Neuro- 
physiology, 18, 105-112. 
——— (1958) Comparative neurology and the evolution of behavior. In: Behavior and Evolution. 
Edited by A. Roe and G. G. Simpson. New Haven: Yale University Press, pp. 140-164. 


—— (1961) A further experimental analysis of the behavioral deficit that follows injury to the 
primate frontal cortex. Experimental Neurology, 3, 432-466. 


—— (1969) DADTA III: An on-line computerized system for the experimental analysis of behavior. 
Perceptual and Motor Skills, 29, 599-608. 


— — AHUMADA, À., HARTOG, J. and Ross, І. (1964) A progress report on the neurological processes 
disturbed by frontal lesions in primates. In: The Frontal Granular Cortex and Behavior. Edited 
by J. M. Warren and K. Akert. New York: McGraw-Hill, pp. 28-55. 


SPATIAL AND SEQUENCE FUNCTIONS 633 


ParBRAM, K. H., Сноу, K. L. and Sexmes, J. (1953) Limit and organization of the cortical projection 
from the medial thalamic nucleus in monkey. Journal of Comparative Neurology, 98, 
433-448, 


2 
——— and MisHxin, M. (1956) Analysis of the effects of frontal lesions in monkey. Ш. Object 
alternation. Journal of Comparative and Physiological Psychology, 49, 41-45. 


—— Ріоткім, Н. C., ANDERSON, R. M. and Leona, D. (1977) Information sources in the delayed 
alternation task for normal and ‘frontal’ monkeys. Neuropsychologia, 15, 329-340. 


— — and Товвѕ, W. E. (1967) Short-term memory, parsing, and the primate frontal cortex. Science, 
156, 1765-1767. 


SEMMES, J., WEINSTEIN, S., GHENT, L. and Teuper, Н. L. (1963) Correlates of impaired orientation in 
personal and extrapersonal space. Brain, 86, 747-772. 


SIEGEL, S. (1956) Nonparametric Statistics for the Behavioral Sciences. New York: McGraw-Hill. 


STAMM, J. S. and Rosen, S. С. (1969) Electrical stimulation and steady potential shifts in prefrontal 
cortex during delayed response performance by monkeys Acta Neurobiologiae Experimentalis, 
Warszawa, 29, 385-399. 


TEUBER, H. L. (1964) The riddle of frontal lobe function in man. In: The Frontal Granular Cortex and 
Behavior. Edited by J. M. Warren and K. Akert. New York: McGraw-Hill, pp. 410—444. 


—- and Misukm, M. (1954) Judgment of visual and postural vertical after brain injury. Journal of 
Psychology, 38, 161-175. 


UNGERLEIDER, L. G. and Bropy, B. A. (1977) Extrapersonal spatial orientation. The role of posterior 
i parietal, anterior frontal.and inferotemporal cortex. Experimental Neurology, 56, 265-280. 


(Received July 7, 1977) 


La ае ы” 


Brain (1978), 101, 635-648 


LONG LATENCY EVENT-RELATED 
COMPONENTS OF THE AUDITORY EVOKED 
POTENTIAL IN DEMENTIA 


by DOUGLAS S. GOODIN, KENNETH C. SQUIRES and 
ARNOLD STARR 


(From the Department of Neurology, University of California, Iryine, 101 City Drive South, 
Orange, California 92668) 


INTRODUCTION 


EVOKED potentials are now used as an objective test of afferent function in patients 
with neurological and sensory disorders (Starr, 1978). The testing of the optic 
nerves in multiple sclerosis (Feinsod, Abramsky and Auerbach, 1973; Halliday, 
McDonald and Mushin, 1972; Namerow and Enns, 1972; Richey, Kooi and 
Tourtellotte, 1971), the evaluation of hearing in infants and retarded individuals 
(Galambos and Hécox, 1977; Rapin and Schimmel, 1977; Starr, Amlie, Martin 
and Sanders, 1977), and the definition and location of brain-stem lesions (Starr 
and Hamilton, 1976; Stockard and Rossiter, 1977) are particular examples of 
successful application of evoked potential measures to neurological disease. 
There is also a need in neurology for an objective measure of the physiological 
state of those areas of the brain which are involved in perception and cognition. 
The presence of normal, or near normal, sensory evoked potentials does not 
guarantee that sensory information is actually utilized. For example, perfectly 
normal auditory brain-stem potentials may be recorded from comatosed patients 
who are not responsive to acoustic stimuli (Starr and Achor, 1975) and visually 
evoked cortical potentials have been recorded from individuals who were 
behaviourally blind (Bodis-Wollner, Atkin, Raab and Wolkstein, 1977). Thus, 
even though evoked potentials may indicate that an afferent system is intact, 
a deficit in other neural structures can render the input functionally useless. 
There are certain components of the evoked potential, however, that seem to 
be associated with cognitive processes. Evoked potentials may be separated into 
two sets of components; 'stimulus-related' components that are sensitive to the 
physical characteristics of the stimulus, and 'event-related' components that are 
dependent on the information content of the stimulus (Sutton, Braren, Zubin 
and John, 1965). Event-related potentials appear only when a subject 'attends' to 
stimuli, and then only when a stimulus has meaning for the subject. They may also 
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appear in the absence of stimulus-related potentials when the eliciting event is the 
omission of an expected stimulus (Weinberg, Walter and Crow, 1970; Picton and 
Hillyard, 1974). 

The event-related potentials have relatively long latencies (greater than 150 ms) 
and are of largest amplitude at the midline overlying the parietal lobes and posterior 
frontal lobes (Picton and Hillyard, 1974; Simson, Vaughan and Ritter, 1977), 
structures which have traditionally been considered as being involved in cognition. 
The stimulus-related potentials, on the other hand, occur at shorter latencies (less 
than 180 ms) and include the far-field reflection of events rising from sensory path- 
ways within the brain-stem and spinal cord (Cracco and Cracco, 1976; Jewett and 
Williston, 1971; Wiederholt and Iraqui-Madoz, 1977) and cortical potentials 
distributed for the most part over the primary sensory regions (for example, over 
the occipital lobes for visual stimuli, over the central regions for somatosensory and 
acoustic stimuli, Goff, Allison and Vaughan, 1978). 

The most prominent of the event-related potentials is the P3 component, a posi- 
tive wave occurring at a latency of 300 to 500 ms. Many studies with normal 
subjects have linked the P3 component to processes involved in perception and 
cognition (see Tueting, 1978, or Donchin, Ritter and McCallum, 1978, for a review). 
In particular, the latency of the P3 component is closely correlated with the latency 
of decision processes, when such latencies are measured by behavioural reaction 
time (Kutas, McCarthy and Donchin, 1977; Ritter, Simson and Vaughan, 1972; 
Roth, Ford and Kopell, 1978; Squires, Donchin, Squires and Grossberg, 1977). 
Thus, any factor which modifies the timing of neural mechanisms underlying 
perception and cognition may conceivably be reflected in changes in the latency 
of the P3 component. It was our hypothesis that neurological disorders charac- 
terized by altered mental functions might be associated with an alteration in the 
P3 component. 

Dementia is a cardinal example of disordered cognitive function. The affected 
individual has deficits in attention, memory and the processing of sensory input. 
This study was conducted to determine whether patients with dementia would show 

alterations in the P3 component. Fifty-three patients were tested. Twenty-seven of 
the patients were demented, and the other 26 had normal mental functions. 
The evoked potentials from these patients were compared with data collected 
previously from 40 normal adult subjects ranging in age from 15 to 76 years 
(Goodin, Squires, Henderson and Starr, 1978). | 


METHODS 
Subjects 


The first group of patients consisted of 16 females and 11 males, ranging in age from 25 to 80 years, 
who were diagnosed as demented by clinical neurological assessment. The etiologies of their disorders 
were established by appropriate laboratory procedures. Their mental function was quantified in our 
laboratory by the Mini-mental Status examination (Folstein, Folstein and McHugh, 1975) and a mark of 
25 or less out of a possible 30 points was used to define dementia. Normal subjects with no known 
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‘disease usually scored either 29 or 30 points on this test. The range of scores for the demented group was 
12 to 25, with a mean of 20-7 (43-8). The diagnoses and mean mental status examination scores for this 
group are shown in Table 1. 


TABLE 1. DIAGNOSES AND MENTAL-STATUS EXAMINATION SCORES OF THE 
DEMENTED PATIENTS 


No. MMS* 

Presenile dementia 9 20-8** 
Metabolic encephalopathy*** 5 21-0 
Hydrocephalus 5 20-6 
Cerebrovascular disease 2 21:5 
Brain tumour 1 17-0 
Uncertain etiology 5 21:8 
Mean 27 20-7 


* Mini-mental Status score (MMS) based оп test of Folstein et al. (1975). ** One patient could 
not be tested and is not included in the calculations. *** Hypothyroidism, alcoholic with severe 
electrolyte disturbances, anoxia (2), steroid encephalopathy. 


The second group of patients consisted of 12 females and 14 males ranging in age from 19 to 78 years. 
None was considered by the neurologists to have any deficit in mental function. The scores on the mental 
status examination for this group ranged from 27 to 30, with a mean of 28-8 (+0-84). The diagnoses and 
mean mental status examination scores for this group are shown in Table 2. 


TABLE 2. DIAGNOSES AND MENTAL-STATUS EXAMINATION SCORES OF THE 
NON-DEMENTED PATIENTS 


No. MMS* 

Multiple sclerosis 4 29-0 
Depression 4 28-5 
Cerebrovascular disease 3 28-7 
Parkinson's disease 3 29:3 
Schizophrenia 2 27-5 
Hydrocephalus 1 29-0 

d Porencephalic cyst 1 30-0 
Miscellaneous** 8 29-8 

Mean 26 28-8 


* Mini-mental Status score (MMS) based on test of Folstein et al. (1975). ** Diabetic neuropathy, 
causalgia, bilateral subdural hematoma, diffuse cortical atrophy, anosmia with left arm weakness, gait 
apraxia (2), vertigo. 


Procedure 


It was important to develop a procedure which could be used in a clinical electrodiagnostics laboratory. 
Consequently, the procedure had to be designed such that it could be completed in a single short-duration 
testing session; the equipment required for stimulus generation and evoked potential recording had to 
be kept at a minimum, the behavioural task had to be simple and not require any preliminary training, 
and finally, the evoked potential results had to be easily quantified. 
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An audio tape was prepared containing four hundred tone bursts (50 ms in duration with 10 ms 
rise/fall times and an intensity of 55 dB SL). The tones were presented binaurally through earphones at 
a tate of one every 1-5 s. Eighty-five per cent of the tones had a frequency of 1000 Hz and 15 per cent 
a frequency of 2000 Hz. The stimulus sequence was random with the constraint that no two rare (2000 Hz) 
tones appeared in succession. : 

Each patient was first presented with a portion of the tape containing the tone sequence. The patient 
was then questioned about what was heard. Testing was continued if the patient was able to clearly hear 
the tones and distinguish between the two pitches. 

The patients were then instructed to count and keep a mental record of the number of rare tones in 
the sequence and to report the total at the end of the run. They were also cautioned to refrain from 
moving their eyes and to avoid movements associated with counting. Normally the sequence was 
presented twice to each patient. The total testing procedure was usually completed in thirty minutes. 

Silver disc electrodes were affixed to the scalp at F,, C, and P, with collodion and referred to linked 
mastoids. Additional electrodes were positioned superior and lateral to the right eye in order to monitor 
eye-related potentials. The electroencephalogram was amplified 10,000 times with a bandpass of 0-3 
to 70 Hz. The evoked potential waveforms were averaged separately for the rare and frequent tones for 
768 ms (6 ms per point) following the onset of tone. 

The amplitudes and latencies of the various peaks of the averaged evoked potentials were measured 
from x-y plots of the waveforms. Peak latencies and amplitudes of the stimulus-related N1 and P2 
components of the evoked potentials were obtained from the evoked potentials for the frequent (1000 Hz) 
tone. The amplitude of the stimulus-related potential was taken as the voltage difference between the 
N1 and P2 peaks. The peak latency for the P3 component was obtained from the potentials evoked by 
the rare (2000 Hz) tone by extrapolating lines from the leading and trailing slopes of the peak and 
measuring the latency at the intersection of the lines. The amplitude of the P3 component was taken at 
the most positive point of the peak, regardless of whether it matched the latency derived from extra- 
polation, and was measured with respect to a baseline voltage over the first 50 ms of the waveform. The 
bandpass of the recording system effectively attenuated the brain-stem and middle-latency potentials 
that occur in this time period (Picton, Hillyard, Krausz and Galambos, 1974), making this portion of 
the waveform flat. All latency and amplitude measures were derived from the C, waveform; the wave- 
forms for the other two electrode sites were however used to help define the components. 


RESULTS 
Task Performance 


Normal subjects had no trouble performing the task. In virtually every case 
their count was within two or three of the actual number of rare-tone presentations. 
The neurological patients who were not demented were also able to perform the 
task satisfactorily. They were, however, susceptible to losing count and their tallies 
were more variable than for the normal subjects. Many of the demented patients 
were also able to perform the task, though their counts were widely variable. When 
patients were apparently unable to carry out the task or to maintain their attention 
to the tonal stimuli, frequent reminders to listen for the ‘different’ tones were given 
by one of the examiners. These reminders were adequate since the patients were 
co-operative and highly motivated to please the examiners, even though they some- 
times had difficulty remembering the task. | 
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Evoked Potentials 


(1) Normal subjects. Evoked potential waveforms recorded from the vertex 
(C,) for a normal subject are shown in fig. 1. The waveform for the frequent tone 
shows the characteristic negative (N1) and positive (P2) components of the auditory 

‘vertex potential’ (Davis and Zerlin, 1966) with latencies of about 100 and 200 ms, 
respectively. These components are considered to be stimulus-related since they 
are elicited by both rare and frequent tones. The evoked potential for the rare tone, 
however, was quite different, being characterized not only by the stimulus-related 
components but also by a large event-related positive component labelled P3. 
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Fic. 1. Evoked potential waveforms recorded between the vertex (C,) and linked mastoids for a normal subject. 
The potential evoked by the rare tone is on the left and the potential evoked by the frequent tone is on the right. 
In these and all subsequent figures positive voltage at the vertex 1s plotted upwards. 


In a previous report we described changes in the amplitudes and latencies of the 
evoked potential components in normal subjects as function of age using this 
experimental procedure (Goodin et al., 1978). The results of a standard regression 
analysis, in which the best-fit straight line was derived to describe the changes in 
each component as a function of age, are summarized in Table 3. The resulting 
regression equations for each component (defined by the slope as a function of 
age and the intercept value at age 15 years) indicated that, in general, the evoked 
potential components both shifted to longer latencies and decreased in amplitude 
with increasing age. This was most striking for the P3 component. A calculation 
of the expected change in P3 latency between ages 15 and 75 from the regression 
equation revealed an increase of nearly 100 ms (from 310 ms at age 15 to 408 ms 
at age 75). A similar calculation for the P3 amplitude yielded a decrease of about 
11 uv (from 14-9 uv to 4-1 uv) over that age range. Smaller amplitude and/or 
latency changes were seen for the stimulus-related components. 
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TABLE 3. AGE-RELATED VARIATIONS IN THE AMPLITUDES AND LATENCIES OF 
AUDITORY EVOKED POTENTIAL COMPONENTS FOR NORMAL SUBJECTS AGED 
15 ro 76 YEARS 


Standard error Value 
Correlation about regression аі age 


Slope coefficient line 15yrs Significance 
МІ latency 0-13 ms/yr 0-228 8 ms 94 ms —* 
P2 latency 0-74 ms/yr 0-560 19 ms 168ms P<0-001 
P3 latency 1:64 ms/yr 0-810 21 ms 310 0з P<0-001 
N1-P2 amplitude —0:15 pv/yr —0-420 5-56 uv 15:6 ру P<0-01 
P3 amplitude —0-18 pv/yr —0-476 5-84 uv 14-9 uv P<0-005 


* Non-significant 


(2) Patients. Evoked potential waveforms (C,) for one normal subject, one 
neurological patient without dementia and one demented patient are shown in 
fig. 2. Because of the effect of age on the evoked potential components, three 
individuals of approximately the same age were selected for the figure. The peak 
latencies for the normal subject are indicated by the dashed lines. A comparison 
of the waveform peaks for the two patients with the dashed lines illustrates the 
principle findings of this study. The latency of the P3 component for the demented 
patient (Mini-mental Status score 22) was 50 ms greater than for the normal 
subject, while the latency for the non-demented neurological patient (Mini-mental 
Status score 29) was nearly the same as for the normal subject (10 ms earlier). 
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Fic. 2. Evoked potential waveforms for the rare and frequent tones recorded between the vertex (C,) and 
linked mastoids for a normal subject (top), a demented patient (middle) and a non-demented patient (bottom). 
MMS = Min-mental Status score (see Table 1). 
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The P3 latencies for the normal subjects and the patients are plotted as a function 
of age in fig. 3. The upper panel shows the results for the normal subjects with the 
calculated regression line and the lines indicating one and two standard devia- 
tions (c) superimposed. In the middle and bottom panels the results for the 
demented and non-demented patients, respectively, are plotted with the regression 
and standard deviation lines for the normal subjects superimposed. 
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Fig, 3 The latencies of the P3 component are plotted as a function of age for normal subjects (top), demented 
patients (middle) and a non-demented patients (bottom). 


-Of the 53 patients tested, a reliable measure of the P3 latency could not be made 
in just 3 cases; 2 demented patients and one non-demented patient. One of the 
patients (demented) would not be still during the test and the waveforms were 
contaminated by muscle artifact. For the other 2 patients, the evoked potentials 
consisted of the N1 and P2 components followed by a broad positivity between 
300 and 500 ms without any clear peak. 

It is clear from fig. 3 that the P3 latencies for patients with dementia generally . 
exceed the normative values for each patient's age. Only one demented patient 
had a P3 latency which was shorter than the norm and 80 per cent had a P3 latency 
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which exceeded the norm by two or more standard deviations. The distribution of 
the P3 latencies for the patients without dementia was essentially identical to that 
for the normal subjects. 


TABLE 4. DEVIATIONS FROM NORMAL OF THE AMPLITUDES AND LATENCIES OF 
AUDITORY EVOKED POTENTIAL COMPONENTS FOR DEMENTED AND 
NON-DEMENTED PATIENTS 


Mean deviation 
from normal (c) t(df — 62) Significance 
Dementia 0-50--1-46 1:58 —* 
N1 latency Non-dementia 0-39-41-00 1-49 i 
Dementia —1-10-Е1-3 0-36 — 
P2 latency Non-dementia 0:461- 1:2 1:69 — 
Dementia 2:83+1:5 І 8-88 P<0:001 
p3 latency Non-dementia 011413 0-20 zs 
А Dementia —0-244-1-50 0-99 — 
N1-P2 ашрийде Non-dementia 0-36--1:30 1-26 = 
Dementia —0:60--0:97 2:31 P<0-05 
Eumene Non-dementia 0231-19 0:82 = 
* Non-significant. 


Table 4 presents an analysis of the amplitudes and latencies of the various evoked 
potential components for the two groups of patients compared to normal values 
for each patient’s age. The values are expressed in terms of their deviation from 
the appropriate regression line for normal subjects. For example, the P3 latency 
deviation for each patient was obtained by subtracting the expected P3 latency for 
the patient’s age from the actual latency, and the difference was divided by the 
standard deviation about the normal regression line (for the P3 latency this was 
21 ms, see Table 3). This procedure converts the data to a form where direct com- 
parisons with normal can be made regardless of age. The magnitude of any devia- 
tion can also be interpreted on a statistical basis in terms of the probability that 
it is within a defined normal range. 

The non-demented patients did not differ significantly from normal for any of 
the amplitude or latency measures. The demented patients also did not differ 
significantly from normal in terms of their N1 and P2 components. However, the 
latency of the P3 component for the demented patients was significantly greater 
than normal, and the amplitude of the P3 component was significantly smaller than 
normal. 

A breakdown of the mean P3 latency deviations from normal for the various 
subgroups of patients is presented in Table 5. These results demonstrate the 
consistency of the latency effect within the various diagnostic categories. 
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TABLE 5. MEAN DEVIATION FROM NORMAL IN P3 LATENCY FOR PATIENTS 


Demented patients A P3 latency (о) 
Presenile dementia +2:30* 
Metabolic encephalopathy +3-87* 
Hydrocephalus +232 
Cerebrovascular disease +3-06 
Brain tumour +4-00 
Uncertain etiology 4-3:51 

Mean +2:93 

Non-demented patients 
Multiple sclerosis +0-32 
Depression —0:54 
Cerebrovascular disease —0-26 
Parkinson's disease +0-94 
Schizophrenia ' +0-90 
Hydrocephalus —0:93 
Porencephalic cyst +0-83 
Miscellaneous —0-15* 

Mean —0:02 


* One patient could not be assigned a P3 latency and is not included in the computation 


DISCUSSION 


: This study demonstrates that impaired mental functioning in dementia is highly 
correlated with changes in the latency and amplitude of the P3 component of the 
auditory evoked cortical potential. As a group, the patients with dementia had 
P3 components which were both delayed in latency and smaller in amplitude than 
normal. These changes in the P3 component cannot be attributed to the presence 
of a nervous system disease per se or to being in hospital. This is demonstrated by 
the results from the control group of non-demented patients, which were within 
the normal range. The P3 changes apparently stem from the underlying dementia 
regardless of the etiology (see Table 5). 

The magnitude of the P3 latency increase with dementia was, on the average, 
2-93 standard deviation units from normal, and reliably separated the patients 
with dementia from both normal subjects and from neurological patients with 
normal mental function. Twenty of the 25 demented patients who had identifiable 
P3 components had a P3 latency which exceeded the normal value for the patient's 
age by more than two standard deviations. For 12 of the demented patients the 
latency difference exceeded three standard deviations. In contrast, only one non- 
demented patient had a P3 latency that exceeded the predicted value by more than 
two standard deviations, which would be expected merely on statistical grounds. 
Thus, if a P3 latency which exceeds normal by two standard deviations is adopted 
as the criterion for electrophysiologically defining dementia, a rate of 5 per cent 
false positives would be expected while 80 per cent of the patients with dementia 
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would be correctly classified. This suggests that the P3 latency can provide a sensi- 
tive and perhaps specific test for dementia. Such a test would be extremely useful 
in distinguishing. dementia from psychiatric disorders such as depression or 
schizophrenia which may be accompanied by an apparent, but not actual, deteriora- 
tion in mental function. Four patients with depression and 2 with schizophrenia 
were tested here and all had normal latency P3 components. Clearly, however, 
a more extensive investigation of the effects of psychiatric illness on the P3 com- 
ponent is required before the reliability of this distinction between psychosis and 
dementia can be fully documented. 

The amplitude of the P3 component also changed (decreased) in dementia, but 
the magnitude of the change was small relative to the normal variation in the 
measure (0-60 c, Table 4). Thus, it is unlikely that the P3 amplitude alone can 
provide a measure of mental function which is adequate. for assessing individual 
patients: 

This procedure seems eminently suitable for the testing of patients. Of the 53 
patients examined, only 3 did not have a reliable P3 component. We did not, how- 
ever, test patients who were unco-operative or who had gross involuntary move- 
ments which might have interfered with the recordings. 

It is unclear to what extent the task of counting the rare tones is itself involved 
in eliciting the P3 component. Several of the demented patients probably did not 
understand the task. Clear P3 components, however, were present for the rare 
tones but not the frequent ones, even for those patients. From an operational 
standpoint it would appear then that the sequence of tones itself is in some instances 
sufficient to induce the differential cognitive processing of the rare and frequent 
tones. Similar results have been reported for normal subjects (Ritter et al., 1968; 
Roth, 1973). 

While patients with dementia showed changes in the P3 component of the 
cortical potential, there were no significant effects on the earlier stimulus-related 
components, N1 and P2. In a previous study of visual evoked potentials, Visser, 
Stam, Van Tilburg, Op Den Velde, Blom and De Rijke (1976) reported significant 
latency changes for peaks corresponding to the stimulus-related components. The 
differences between their results and those reported here may be either due to 
a modality difference or to the fact that they failed to compensate for age differences 
between their normal subjects and their demented patients, which can affect visual 
evoked potential latencies (Celesia and Daly, 1977). 

The cognitive changes associated with senescence and dementia may be dis- 
tinguished on the basis of differential effects on the various components of the 
evoked potential. The normal aging process is associated with a significant effect on 
the latency of both the P2 and P3 components, though the former change is smaller 
than that for the P3. However, if in dementia P2 and P3 changes occurred in the 
same ratio as they did for normal aging, the P2 latency change would have 
amounted to approximately 25 ms. The lack of any significant change in the P2 
component other than that associated with aging clearly distinguishes the 
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physiological processes affecting evoked potentials in aging and dementia. This is 
particularly relevant in the case of presenile dementia which has been suggested to 
be due to an accelerated aging process (Terry, 1976). For the senile patients tested 
here, there was a clearly significant change in the mean P3 latency (2:30 c, 48 ms) 
without a concomitant change in P2 latency (—0-16 c, —3 ms). 

One possible explanation for the increase in P3 latency found in dementia is that 
the demented patients were slow in identifying and processing the stimuli relative 
to the normal subjects or non-demented patients. In normal subjects, increases in 
both task difficulty (Ritter et al., 1972; Squires et al., 1977) and task complexity 
(Kutas et al., 1977) prolong the P3 latency, presumably because the decision 
processes involved take longer to complete. The increased decision latencies can 
also be inferred from behavioural reaction times (c.f. Squires et al., 1977). In such 
situations proportional changes in the latencies of the stimulus related components 
are not found (Ritter et al., 1972). Thus, there seems to be a parallel between the 
effects of dementia and the effects of increasing task difficulty in normal subjects 
on the latencies of the stimulus-related and event-related potentials. The possi- 
bility exists that in both instances the sequence of processes following the occurrence 
of the stimulus-related components, N1 and P2, require an increased amount of 
time and this is reflected in a change in the P3 latency. 

In conclusion, the P3 latency appears to provide a measure for objectively 
defining dementia. As a clinical tool it is sensitive enough to differentiate a large 
proportion of demented patients from normal (nearly 80 per cent) with a low rate 
of false positives (5 per cent). In an electrodiagnostics laboratory the procedure 
can be readily implemented, it is applicable to most patients, and the resulting data 
can be easily analysed once normative data has been collected on a wide age range 
of normal subjects. These findings also raise the possibilities for experimental 
analysis of the cognitive factors contributing to the P3 component and their 
alterations following neurological lesions. 


SUMMARY 


Long-latency auditory evoked potentials were recorded from two groups of 
patients, with and without dementia, and were compared with those from a popula- 
tion of normal subjects ranging in age from 15 to 76 years. À sequence of tones of 
two different frequencies (1000 Hz and 2000 Hz) was presented and each patient 
was asked to count the occurrences of the rare (P — 0-15) tones in the sequence. 
Evoked potential waveforms were averaged separately for the rare and frequent 
tone. 

Of the various evoked potential components elicited by the tones, the P3 com- 
ponent (latency 300-500 ms) was found to be the most sensitive to aging in normal 
subjects. It was also the only component which could be used to differentiate 
between the demented patients and the normal subjects or non-demented patients. 
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The non-demented patients did not differ from normal in any waveform measure. 
The magnitude of the latency change of the P3 component in dementia relative to 
normal was sufficiently large that it may provide a practical and objective measure 
of dementia in a clinical setting. 
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SELECTIVE BLOCKADE BY SCOPOLAMINE OF 
SYNAPTIC RESPONSES IN CAT'S CAUDATE 
NUCLEUS AND ITS MODIFICATION BY 
LESIONS OF THE SUBSTANTIA NIGRA 


by R. SPEHLMANN, K. NORCROSS and E. J. GRIMMER 


(From the Veterans Admmustration Lakeside Hospital and the Departments of Neurology and 
Pharmacology, Northwestern University Medical School, Chicago, Illinois 60611) 


INTRODUCTION 


ACETYLCHOLINE (ACh) is commonly believed to be a synaptic transmitter in the 
caudate nucleus and to be involved in the pathophysiology of Parkinson's disease. 
However, the details of these roles of ACh remain unclear. The origin of nerve 
fibres releasing ACh in the caudate nucleus has not been clearly established. Most, 
if not all caudate neurons receive direct inputs (Kemp and Powell, 19715) from the 
substantia nigra, thalamus, cortex and from the medium-sized (12-18 џ) neurons in 
the caudate nucleus itself which comprise over 95 per cent of neurons in this 
nucleus (Kemp and Powell, 1971a). ACh has been associated with different types 
of neuronal input. The existence of cholinergic interneurons is suggested by histo- 
chemical observations (Butcher and Bilezikjian, 1975; McGeer, McGeer, Grewaal 
and Singh, 1975). It has been proposed that ACh in the caudate nucleus is contained 
` only in interneurons because lesions interrupting afferents from outside the caudate 
nucleus do not reduce the level of ACh (Butcher and Butcher, 1974; Fibiger and 
Grewaal, 1974), or the activity of choline acetylase or acetylcholinesterase 
(Kataoka, Bak, Hassler, Kim and Wagner, 1974; Lynch, Lucas and Deadwyler, 
1972; McGeer, Fibiger, McGeer and Brooke, 1973; McGeer, McGeer, Fibiger 
and Wickson, 1971). This contrasts with the observation that stimulation of the 
nucleus ventralis anterior thalami increases the release of ACh from the caudate 
nucleus (McLennan, 1964) and has an effect on caudate neurons similar to that of 
micro-iontophoretic application of ACh (McLennan and York, 1966). However, 
ACh liberation in the caudate nucleus was also found to increase after stimulation 
of other structures including the substantia nigra and peripheral nerves (Portig 
and Vogt, 1969). Both findings could be due to secondary excitation of cholinergic 
interneurons. | 

In an attempt to determine if ACh is a transmitter of one of the major inputs to 
the neurons in the caudate nucleus, we investigated, in the first part of this study, 
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the effects of ACh antagonists on the neuronal response to stimulation of these 
inputs reasoning that antagonists would block responses mediated by endogenous 
ACh. Because cholinergic receptors in the caudate nucleus have been found to be 
muscarinic (McLennan and York, 1966), we employed the muscarinic antagonists 
scopolamine and atropine. Scopolamine was used much more often as it was 
found to be less likely than atropine to produce local anesthetic effects. 

In the second part of this study, we attempted to determine the role of ACh in 
Parkinson's disease. This disease is thought to be due to the degeneration of 
opamine-containing nigrostriatal connections which leads to striatal dopamine 
(DA) deficiency (Hornykiewicz, 1973) and to an apparent increase of cholinergic 
activity (Duvoisin, 1967; Van Woert, Ambani and Bowers, 1972). Such an 
. imbalance (McGeer, Boulding, Gibson and Foulkes, 1961; Barbeau, 1962) could 
explain the beneficial effect of cholinolytics and the deleterious effect of the 
centrally acting anticholinesterase physostigmine on the manifestations of this 
disease (Duvoisin, 1967; Van Woert et al., 1972). The increase of cholinergic 

activity is believed by some to be due to the loss of an inhibitory dopaminergic 
input to cholinergic neurons in the caudate nucleus (Stadler, Lloyd, Gadea-Ciria 
and Bartholini, 1973), but interruption of nigrostriatal connections produced 
no biochemical changes indicative of increased cholinergic activity: striatal 
acetylcholinesterase and choline acetylase levels were not altered during the first 
two (Kataoka et al., 1974; Lynch et al., 1972; McGeer et al., 1971) or four (McGeer 
et al., 1973) weeks after this lesion; the concentration of striatal ACh was found 
to be increased after diencephalic hemitransection in one study (Butcher and 
Butcher, 1974), but not in another one which used intranigral 6-hydroxydopamine 
injections (Fibiger and Grewaal, 1974). Simple interruption of inhibitory nigro- 

' striatal input to a cholinergic system thus cannot explain an increase in cholinergic 
activity. A slow increase of this activity could be explained by the development of 
ACh supersensitivity (Duvoisin, 1967) or by the sprouting and regenerative over- 
growth of cholinergic neurons in response to nigrostriatal degeneration (Spehlmann 
and Stahl, 1976). 

In previous studies we found that neurons in the feline caudate nucleus depleted 
of DA by long-standing nigrostriatal lesions are excited by lower doses of ACh 
than are neurons in the intact caudate nucleus, suggesting that chronic DA 
depletion increases ACh sensitivity (Spehlmann, 1975). To determine whether 
this increased sensitivity to ACh may reflect an increased effectiveness of cholinergic 
transmission, we investigated, in the second part of this study, the effects of 
scopolamine on neuronal responses recorded in the caudate nucleus of cats with 
long-standing nigrostriatal lesions and compared them with those in cats without 
such lesions. 


METHODS 


Acute experiments were performed on 19 cats with and without lesions. and 12 cats with lesions of the 
right nigrostriatal pathway; lesions were produced as previously described (Spehlmann, 1975). All 
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animals were prepared as encéphale 1solé and maintained on local anesthesia to all contact and incision 
points. Heart rate, mean femoral arterial pressure, expired CO, concentration and body temperature 
were monitored. A craniotomy was made to expose the cortex ОЕ the head of the right caudate 
nucleus. 

An 8-barreled micropipette was inserted into the caudate nucleus (A 16-18, L 2-5, D 5-7). Extra- 
cellular action potentials were recorded through the centre barrel which was filled with a 2 molar potassium 
citrate solution, Drug barrels contained scopolamine hydrobromide (1 M, pH 5-5), atropine sulphate 
(0 3 M, pH 7-3), acetylcholine chloride (1 M, pH 4), Na L-glutamate (2 M, pH 8) and GABA (4 M, 
pH 4). Drugs were ejected with currents of up to 2 x 1077 A and retained with currents of up to 1 x 10-9 A 
of opposite polarity between ejections. All ejecting and retaining currents were returned through a barrel 
filled with NaCl (3 M, pH 7). This barrel was also used to pass currents of the same polarity and magni- 
tude as used for drug iontophoresis to evaluate possible electrical effects. In animals without chronic 
lesions, bipolar stimulus electrodes were placed on the right side into the substantia nigra (A 3-5, 
L 4-5, D —4), nucleus ventralis anterior thalami (A 11, L 5, D 3-5), centrum medianum thalami (A 7, 
L3, D 1), caudate nucleus (A 13, L 5, D 5) and anterior sigmoid gyrus (sensorimotor cortex). In animals 
with nigrostriatal lesions, stimulus electrodes were sometimes placed only in the caudate nucleus. After , 
recording 16, 32 or 64 responses to each stimulus, scopolamine or atropine was applied and stimulation 
was repeated 30 s after the onset of micro-iontophoresis which continued during stimulation. Tape 
recordings of neuronal action potentials were used to plot post-stimulus histograms which were inte- 
grated to give the total number of action potentials before, during and after drug application. 

Atthe end of each experiment, 100 mg of pentobarbital were given intravenously. Cats without lesions 
were perfused through the carotid arteries with formalin; locations of stimulus and recording electrodes 
were determined after fixation of the brain. In cats with lesions, both caudate nuclei were rapidly 
removed and stored at —80° C for later biochemical determinations of the levels of DA and nor- 
epinephrine (Chang, 1964) and of serotonin (Maickel, Cox, Saillant and Miller, 1968). The remaining 
parts of the brain were perfused by carotid injection of formalin and later sectioned for inspection of 
the lesions. 


RESULTS 


A. The Non-dopamine-depleted Caudate Nucleus 


(1) Neuronal responses to synaptic stimuli. Most neurons did not fire spontaneously 
but responded to stimulation of one or more of the afferents. Stimulation of the 
caudate nucleus, sensorimotor cortex, nucleus ventralis anterior or centrum 
medianum thalami usually produced neuronal action potentials of all-or-none 
character beginning 7 to 10 ms after the stimulus and lasting 10 to 30 ms. In most 
neurons, the latency of the response to stimulation of the caudate nucleus was not 
clearly shorter than that of the responses to the other stimuli. Some neurons, how- 
ever, responded to caudatal stimulation with discharges fired after only a few 

. milliseconds. All of these responses were thought to be orthodromic because they 
varied slightly in latency and did not follow repetitive stimuli at rates of 100 per 
second or more. No definite antidromic responses were recorded. Stimulation of 
the substantia nigra elicited one or two discharges after 15 to 25 ms which had 
a sharp threshold, varied only slightly in latency and were also considered 
orthodromic. 


(2) Effect of scopolamine. Scopolamine antagonized the response to caudate 
nucleus stimulation (fig. 1) in two-thirds of all neurons: in one-third, the number of 
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action potentials in 32 or 64 responses was reduced 20 to 50 per cent, in another 
one-third of the neurons, the response was reduced by over 50 per cent (Table 1). 
The effect of scopolamine on the responses to stimulation of the nucleus ventralis 
anterior and the centrum medianum thalami was similar to its effect on the response 
to stimulation of the caudate nucleus: neurons reacting to scopolamine with a block 
of responses to one of these stimuli showed a similar block of responses to the other 
stimuli at the same level of scopolamine application. 
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кө. 1. The effect of scopolamine (Scop) iontophoresis on the responses to electrical stimulation of a neuron 
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50 ms after each of 32 stimuli to the caudate nucleus. Integrals of these histograms, calibrated in discharges per 
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In contrast, the responses of the same neurons to stimulation of the sensorimotor 
cortex (fig. 2) and the substantia nigra were often not affected by scopolamine in 
doses which strongly depressed the response to stimulation of the caudate nucleus. 


TABLE 1. EFFECTS OF SCOPOLAMINE ON NEURONAL RESPONSES TO 
DIFFERENT STIMULI 





"Scopolamine block 
Responses to Total No. 
stimulation оў: of neurons tested 23505 20-50% None 
Caudate nucleus 67 3475 335 33% 
Sensorimotor cortex 32 16% 13% 72% 


Substantia nigra 37 14% 30% 57% 
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The incidence of a blocking effect of scopolamine on responses to stimulation of the 
sensorimotor cortex and the substantia nigra (T; able 1) was significantly (P < 0-05 
in. x? tests) lower than the incidence of a blocking effect by scopolamine on the 
responses to stimulation of the caudate nucleus. In some neurons, scopolamine 
reduced the response to stimulation of either the sensorimotor cortex or the sub- 
stantia nigra, but usually not as much as the response to stimulation of the caudate 
nucleus itself. 
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Го. 2. Effect of scopolamine on the responses to stimulation of the caudate nucleus and of the sensorimotor cortex 
10 a neuron 1n the caudate nucleus Histograms of action potentials fired after each of 32 stimuli. 


This selective block of synaptic responses differed from a local anesthetic 
effect obtained with scopolamine applications at intensities usually over 
210-7 A and with atropine at even lower doses. Local anesthetic effects were 
recognized by a decrease of amplitude and an increase of duration of action 
potentials and by the indiscriminate loss of firing in response to stimulation of all 
synaptic inputs and to L-glutamate iontophoresis. The selective blocking effect by 
scopolamine in low doses also contrasted with the general depressant action of 
GABA which abolished all responses without changing the shape of the action 
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potentials. GABA given in addition to scopolamine promptly blocked scopolamine- 
resistant responses to stimulation of the sensorimotor cortex and scopolamine- 
resistant discharges of responses to stimulation of the caudate nucleus and of the 
thalamic inputs. 


B. The Dopamine-depleted Caudate Nucleus 


(1) Amine levels. The concentration of DA was 7:81--0-37 ug/g of wet weight 
(mean -- SE) in the caudate nucleus of the unoperated side and 1: :99 3-0-18 ug/g on 
the operated side. The reductions ranged from 62 to 94 per cent in different 
animals; the mean reduction was 30 per cent. Serotonin concentration was 
0-93 2-0-02 pg/g on the unoperated side and 0-46 4-0-02 ug/g on the operated side; 
the mean reduction was 67 per cent Norepinephrine level amounted to 0-31 J-0-01 
- ug/g on the unoperated side and to 0:11 +0-01 ug/g on the operated side; the mean 
reduction was 74 per cent. The differences of the mean concentrations on the two 
sides were significant for the three amines at Р < 0-05 in paired t-tests. 


(2) Neuronal responses to synaptic stimuli. Stimulation of the caudate nucleus 
near the recording site, the thalamus and the cortex elicited neuronal responses in 
the DA-depleted caudate nucleus which were similar to those produced by similar 
stimuli in the intact caudate nucleus. Stimulation of the substantia nigra a few 
millimetres caudal to the nigrostriatal lesion rarely elicited responses in the 
caudate nucleus. When responses occurred, they consisted of 1 to 2 action potentials 
which appeared 15 to 25 ms after the stimulus. Because these responses did not 
differ from those recorded in the intact caudate nucleus, and because similar 
responses can be blocked by DA antagonists (Norcross and Spehlmann, 1978), 
they were thought to be mediated by uninterrupted nigrostriatal fibres. 


(3) Effect of scopolamine. Scopolamine when applied with iontophoretic currents 
of up to 2x 10-7 A reduced the responses to stimulation of the caudate nucleus by 
over 50 per cent in about one-half of 75 neurons, by 20 to 50 per cent in nearly one- 
third, and had no effect in the remainder. The incidence of these blocking effects 
in the DA-depleted caudate nucleus is higher than in the intact caudate nucleus, 
but the difference did not reach statistical significance. 

Fig. 3 shows dose-response curves for the blocking effect of scopolamine, 
expressed as a percentage of control level of firing, versus the ejection current of 
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Fic. 3. The blocking effect of scopolamine on neuronal responses to caudate nucleus stimulation in the intact (00) 
and the dopamine-depleted (6) caudate nucleus Vertical bars indicate standard error of the mean. 
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scopolamine in 17 neurons in the DA-depleted caudate nucleus and in 23 neurons 
in the intact caudate nucleus. The control responses were very similar in the two 
groups of neurons; the average number of action potentials per stimulus, calculated 
from 32 or 64 responses of each neuron, was 2:55-1-0-97 (mean -- SD) in the intact 
caudate nucleus and 2-66 1-68 in the DA-depleted caudate nucleus. Scopolamine 
currents from 1 to 20x 10-5 A produced a greater decrease of firing in the DA- 
depleted caudate nucleus than in the intact caudate nucleus. The differences in the 
mean decrease by scopolamine currents of 5, 10 and 20 x 10-3 A were statistically 
significant in t-tests (P < 0-01). A complete block of the response was not achieved 
with the maximum current of 20 x 10-8 A used in this study. 


DISCUSSION 


The observation that scopolamine blocks the excitatory response of neurons 
in the caudate nucleus to stimulation near the recording site suggests that this 
response is in part mediated by cholinergic interneurons. A lesser reduction of 
responses to cortical and nigral stimulation, seen in some neurons, could be due 
to a scopolamine effect on secondarily activated cholinergic interneurons. The 
finding that responses to stimulation of the nucleus ventralis anterior and centrum 
medianum thalami were affected by scopolamine to the same degree as were 
responses to stimulation of the caudate nucleus may indicate that they were largely 
transmitted by recently described cholinergic fibres from the centrum medianum- 
parafascicular nucleus (Simke and Saelens, 1977) which pass through the nucleus 
ventralis anterior (Mehler, 1966), by cholinergic interneurons, or both. While 
direct cholinergic afferents from the nucleus ventralis anterior cannot be excluded, 
the failure of histological studies to demonstrate a direct projection (Carpenter, 
1976; Jones and Leavitt, 1974) makes this possibility unlikely. 

Although iontophoretic application of ACh was observed to cause a decrease 
of spontaneous firing in a proportion of neurons which varied in different studies 
(Bloom, Costa and Salmoiraghi, 1965; McLennan and York, 1966; Herz and 
Zieglgánsberger, 1968; Spehlmann, 1975; Zarzecki, Blake and Somjen, 1976), 
intracellular recordings showed that ACh has only a depolarizing effect on caudate 
neurons (Bernardi, Floris, Marciani, Morocutti and Stanzione, 1976). Inasmuch 
as scopolamine did not produce an increase of any of the synaptic responses, our 
results do not provide evidence for synaptically mediated cholinergic inhibition. 

The observation that scopolamine often blocked only part of the response to 
stimulation of the caudate nucleus suggests that the scopolamine-resistant part was 
transmitted by noncholinergic interneurons or by noncholinergic fibres from 
afferents traversing the caudate nucleus near the stimulus electrode; the latter 
fibres probably contribute little if any to the response since it has been shown that 
complete deafferentation does not alter the response to stimulation of the caudate 
nucleus (Marco, Copack, Edelson and Gilman, 1973). A differential effect of 
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scopolamine, presumably on postsynaptic ACh receptors, is supported by the 
finding that GABA, which had a strong depressant effect on all neurons tested, 
promptly and indiscriminately blocked all parts of the responses not blocked by 
scopolamine. : 

A comparison of the effect of scopolamine in the DA-depleted and non-depleted 
caudate nucleus showed that less scopolamine is needed to block neuronal responses 
to stimulation near the recording site in the DA-depleted caudate nucleus. This 
altered scopolamine effect is not likely to be the result of degenerative changes in 
the caudate nucleus altering the ability of scopolamine to diffuse through the 
tissue because nigrostriatal lesions of the type used in these experiments do not 
alter the neuronal sensitivity to L-glutamate (Spehlmann, 1975). The extent to 
which stimulus-liberated ACh contributed to the neuronal responses recorded in 
the caudate nucleus cannot be determined. Because micro-iontophoretic studies 
of the DA-depleted caudate nucleus had previously shown that less: ACh is 
necessary for neuronal excitation (Spehlmann, 1975), and because our present 
findings show that less scopolamine is required to block neuronal excitation by 
presumably cholinergic interneurons, it seems -that less endogenous ACh is 
required to transmit these synaptic responses in the DA-depleted caudate nucleus. 
Our results thus suggest that the effectiveness of cholinergic transmission by inter- 
neurons increases in the DA-depleted caudate nucleus. This increase could explain 
the increased effect of exogenous ACh seen in our previous experiments and it could 
also explain the mild but definite therapeutic effect of cholinolytics in Parkinson's 
disease. 


SUMMARY 


Because it is commonly believed that acetylcholine is a synaptic transmitter in 
the caudate nucleus and that the reduction of striatal biogenic amines in Parkinson's 
disease leads to acetylcholine supersensitivity in the caudate nucleus, we investigated 
the effects of the muscarinic blocking agent scopolamine on synaptic responses of 
neurons in the intact feline caudate nucleus and in the caudate nucleus depleted of 
dopamine by long-standing nigrostriatal lesions. 

In the intact caudate nucleus, micro-iontophoretic application of scopolamine 
selectively blocked the neuronal responses to stimulation of the caudate nucleus 
near the recording site without affecting the responses to stimulation of the sensori- 
' motor cortex or the substantia nigra in the same fashion. This suggests that 
acetylcholine is a synaptic transmitter of caudate interneurons. Responses to 
thalamic stimuli were also blocked by scopolamine, suggesting that acetylcholine 
may be a transmitter of thalamic afferents although the course of these afferents 
is unclear. 

In the dopamine-depleted caudate nucleus scopolamine was more effective than 
in the intact caudate nucleus blocking the neuronal responses to stimulation of the 
caudate nucleus. This greater blocking effect by scopolamine suggests an increased 
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effect of endogenous acetylcholine in this response and supports previous observa- 
tions of an increased excitatory effect of iontophoretic acetylcholine in the 
dopamine-depleted caudate nucleus. These results suggest that the acetylcholine 
supersensitivity which follows nigrostriatal degeneration may be due to increased 
effectiveness of synaptic transmission by cholinergic interneurons in the caudate 
nucleus. 
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MEASUREMENTS OF VISUAL EVOKED 
POTENTIALS IN PARKINSON'S DISEASE 


by IVAN BODIS-WOLLNER and MELVIN D. YAHR 


(From the Department of Neurology, Mount Sinai School of Medicine, 
100th Street and 5th Avenue, New York, New York 10029) 


INTRODUCTION 


IT is a formidable task to establish conduction properties of sensory pathways in 
the intact human brain. An indirect approach is based on measurements of 
reaction time. The method requires motor participation and for this reason the 
interpretation of such measurements in terms of sensory conduction is ambiguous 
in patients with disorders of movement. It has been proposed that direct measure- 
ment is possible with the use of newer techniques of recording evoked potentials. 
Visual evoked potentials (VEPs) have been utilized as a diagnostic tool to detect 
slowing of conduction due to central demyelination: the latency of a standard 
deflection in the evoked waveform is prolonged in patients with optic neuritis and 
multiple sclerosis (Halliday, McDonald and Mushin, 1973). The reproducibility of 
theevoked potential waveform from trialto trial, and the remarkably low dispersion 
of the latency of the VEP of normals, have made visual evoked potential measure- 
ments one of the established clinical tests of diagnostic neurology. Results 
obtained in our laboratory with grating pattern stimuli generally agree with those 
of other investigators: latency is prolonged in most patients with a previous 
episode of or acute demyelination of the central nervous system (Bodis-Wollner, 
Hendley, Mylin and Thornton, 1979). However, in the course of these clinical 
studies we have encountered anotber group of patients whose latencies seem to 
fall outside the normal range, even though their clinical picture and pathology are 
distinct from multiple sclerosis. These patients have Parkinson's syndrome, a 
condition generally thought of as involving only motor and not sensory pathways. 
In this syndrome at least one neurotransmitter (dopamine) has been shown to be 
deficient and its replacement is capable of relieving the symptoms. In an attempt to 
develop objective measurements which may aid in the assessment of the disease 
state and the effect of therapy, we have undertaken a study of VEPs in this disorder. 
The results in fact suggest the possibility that VEP measurements may be useful in 
following progression of the disease and the effects of therapy. Furthermore, our 
findings raise questions concerning the pathophysiology of this disease as it appears 
to affect conduction in the visual pathways. 
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METHOD 
Patients 


Both inpatients and ambulatory volunteer patients with the diagnosis of Parkinson’s disease were 
selected. Only those patients whose visual acuity was better than 6/15 and whose ophthalmological 
examination disclosed no abnormality of the ocular media or increased intraocular pressure were 
admitted for study. Also excluded were those whose VEP was so poor that its latency could not be 
reliably measured. In several patients sluggish pupil reactions were noted ; however these patients were 
included as we found no consistent change of EP latency as a function of pupil reactivity in ‘patients 
with Adie’s syndrome (see below) or in normal volunteers with cycloplegia and artificial pupils. The mean 
age of the 35 patients with Parkinson’s disease was 62 years, and the average duration of their disease 
was 8-1 years. The control population consisted of 26 volunteer patients, 20 of whom were inpatients 
on the neurology ward. Their mean age was 60 years. Their diagnoses included: transient ischemic 
attacks (5), motor neuron disease (4), cerebral concussion (2), Adie’s syndrome (2), brain tumour (2), 
tumour of the cord (1), metastatic disease (1), essential tremor (1), psychoneurosis (4), and 4 patients 
who were neurologically intact. 


Visual Evoked Potentials 


(a) Stimulus. Vertical gratings with sinusoidal luminance profile were generated on the screen of a 
Tektronix 561 oscilloscope. The CRT screen subtended 3-8 degrees at the observer’s eye. It was 
surrounded by another screen subtending 16 degrees. This screen was back-illuminated at about the 
same hue and luminance as the CRT to ensure constant light adaptation of the observer’s foveal region. 
The space-time average luminance of the screen was held constant at 4 cd/m?. The spatial frequency of 
the grating was 2:3 cycles/degree. Spatial frequency of a grating pattern 1s expressed as the number of 
alternating pairs of dark and bright bands subtending 1 degree of visual angle at the observer's eye. 
The contrast of the grating was 0-7. Spatial contrast 1s the ratio of the difference of maximum and 
minimum luminance of adjacent bands over their summed luminance 


C=L nar Lmin шах t Lain 
The-grating was modulated at the rate of 1 Hz in a ‘suppressed carrier mode’ producing a pattern 
reversal of 2 per second. The modulating signal was obtained by dividing the horizontal sweep signal of 
the oscilloscope and it triggered the signal averager (see below). 

(Б) EP recording. Silver disc surface electrodes were pasted in a mid-occiput (2-5 cm above the inion) — 
right posterior temporal—montage (Bodis-Wollner, Hendley and Kulikowski, 1972). The forehead 
electrode was grounded. For several patients we compared EPs referred simultaneously to the midfrontal 
and to the posterior temporal electrode. While the latter record tended to have smaller amplitude and 
the former was more often distorted by eye movement artifacts, latencies were not significantly different. 
Potentials referred to the 'active' occipital electrode were differentially amplified with a Grass Model 5 
EEG apparatus. Filters were set at 0-2 and 50 Hz with half bandwidth extending one octave. Signals 
were averaged on a Nicolet 1072 signal averager. 


(c) Measurements. Following the method of Halliday et al., (1973), the latency of the evoked potential 
was measured as the time from the onset of the pattern reversal to the peak of the major positive EP 
deflection recorded at the occipital electrode (fig. 1). 


(d) Comparing VEP latency of patients and normals. The covariance matrix and the mean of all right 
eye latencies and all the left eye latencies were compared between controls and patients with Parkinson's 
disease. A multivariate analysis (Timm, 1975) was used to test the null hypothesis that the mean response 
of the control group is equal to that of the group with Parkinson's disease. Discriminant analysis (Rao, 
1973) was used to calculate the number of patients with Parkinson's disease who would have been 
classified as normal controls, and vice versa Linear regression was used to test correlation between 
variables of age, duration of disease, and latency of the VEP as explained in the Results. 
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Fic. 1. Normal latency (126 ms) of the major positive wave (downward deflection) in both eyes of a 55 year-old 
pátient who was treated for Parkinson's disease for ten years. The double arrow at line zero shows the onset of 
the stimulus reversal, and its amplitude represents 5 ду ш this and subsequent figures. In this and subsequent figs. 
OD = stimulation of R. eye and OS = stimulation of L eye. 


RESULTS 


A. The Latency of the VEP in the Control Group 


In the control group the mean EP latency was 1163-9 ms (SD). OD and OS and 
the average interocular difference was 3--3-5 ms (SD). The 95 per cent confidence 
limit of the normal interocular difference was 10 ms, while the upper 95 per cent 
limit of the normal latency was 134 ms. 


B. VEP Latency in Patients with Parkinson's Disease 


In 35 patients the mean evoked potential latency was 139--22 ms OD and 

' 1434-28 ms OS, and the average interocular difference was 13+17 ms (SD). In 

19 patients this difference was above 14 ms. Two patients had an interocular 

latency difference of more than 70 ms. In 2 patients who were initially not treated, 

the latency returned toward normal in one eye only so that an interocular latency 
difference appeared on treatment. 


C. Comparison of the EP Latency of the Control Group and of Patients with 
Parkinson's Disease 


When comparing the two groups, all tests were performed with and without 
including the data of the 2 Parkinsonian patients who had EP latencies in one or 
both eyes above 200 ms (see fig. 2). The statistically significant difference between 
the Parkinsonian and Control Group remained the same. The multivariate test 
rejected (P<0-01) the hypothesis that ‘Control’ and Parkinsonian patients: are 
- indistinguishable by EP latency and belong to the same population. The Control 
Group data were then used to estimate the mean response and covariance matrix 
for a bivariate normal distribution. An ellipse, representing 95 per cent probability 
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of belonging to the Control Group was determined, as shown in fig. 2. Using a 
discriminant function (Rao, 1973) which was developed from the data of the 
Control and Parkinsonian patients, 12 of the latter would have been classified as 
*Control', or conversely, 24 of the 36 Parkinsonian patients had EP latencies 
outside the Control Group of neurological patients. 
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Fic. 2. Scattergram showing the latency of the major positive EP deflection in 35 patients with Parkinson's 
disease (у) and 26 control patients (6). Numerals indicate the number of measurements falling on the same locus. 
Values for the left and right eye are shown on the ordinate and abscissa, respectively. An ellipse has been drawn 
within which 95 per cent of the normal population would be expected to fall, based on the statistics of the control 
group Over two-thirds of patients with Parkinson's disease are outside this ellipse 


D. The Effect of Age 


A small but significant trend toward increasing EP latency with age (1:7 ms/ 
decade) has been reported for normal observers (Celesia and Daly, 1977). In our 
Parkinsonian Group the correlation between age and VEP latency was not signifi- 
cant. In order to demonstrate this lack of correlation we calculated the latency for 
Parkinsonian patients in four age groups: 40 to 58, 58 to 63, 64 to 69, and 70 to 75 

: years. The respective mean values were 134, 137, 146 and 135 ms. 
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E. The Effect of Duration of Disease 


We tried to estimate the duration of each patient's disease from their first 
symptoms until the testing date. There was inverse correlation between the 
duration of treated Parkinson's disease and the latency of the EP for patients who 
were classified as abnormal according to the discriminant analysis. This correlation 
reached statistical significance of P<0-01 only for the right eye, while the 
correlation was above P>0-01 for the other eye. 
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На. 3. Increased УЕР latency in the right eye (OD: 140 ms) and the left eye (OS: 142 ms) of a 75 year-old 
patient with visual acuity of 6/6 in either eye. This patient had neither anticholinergic nor dopaminergic treatment 
for Parkinson’s disease prior to this recording. 


F. The Effect of Treatment 


Among patients whose EP latency was classified as abnormal, there were those 
who did receive and those who never received anticholinergic medication (fig. 3). 
However in a subgroup of 10 patients who never received dopaminergic therapy, 
the mean latency was higher (143 ms OD and 151 ms OS) than in the total group of 
Parkinsonian patients. The mean age of the untreated group was 61 years 
(compared to 62 for the total group). The mean duration of their disease was five 
years. Three of the 10 patients could be classified as normal, according to the 
discriminant analysis. Two of these had had symptoms for three years while the 
third patient was newly diagnosed. In 2 patients the initially delayed EP returned 
to normal in both eyes on L-dopa therapy (see fig. 4). In another patient the 
latency became less delayed in both eyes, symmetrically decreasing to 140 ms, 
while in 2 patients the latency became less in one eye only on therapy. In one 
patient the latency was already prolonged (140 ms OD and 150 ms OS) on Sinemet 
(levodopa and carbidopa) therapy. When this therapy was discontinued for ten 
days the latency became even further delayed in the left eye.(202 ms). In the right 
eye, the response became atypical and the latency measurement was somewhat 
equivocal. Keeping the definition of the ‘major positive wave’, however, would 
suggest in the right eye, similar to the left eye, a shift of the EP latency to 204 ms 
after discontinuation of therapy. 
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Fic. 4. Left: increased latency in both eyes of a 64 year-old patient prior to treatment (1/19, OD: 138 ms; 
OS: 144 ms) Following treatment with Sinemet (levodopa with carbidopa) the latency became shorter (2/14, 
OD: 120 ms; OS: 128 ms). Right. marginally increased EP latency is shown for a 71 year-old patient despite three 
years of treatment with Sinemet (OD: 133 ms; OS: 137 ms). 
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FiG. 5. Top, left and right. increased latency in the right eye (OD: 140 ms) and the left eye (OS: 150 ms) of 
a 7] year-old patient with a three year history of Parkinson's disease. He was treated with Sinemet. Bottom: on 
discontinuation of therapy for ten days, in the right eye (bottom left) the latency measurement of the ‘major’ 
positive deflection is 204 ms, but there is an early, small, positive deflection with a latency equal to the EP latency 
before discontinuation of Sinemet therapy (top left). In the left eye however, there is a clear-cut increase of the 
EP latency (bottom right) where it now measures 202 ms 
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Illustrative Case History of a Patient with Unexplained Difference in Interocular EP 
Latency 


This 69-year-old lady first noted tremor of the right hand in 1969. Shortly 
thereafter she developed tightness in her hand, and became aware of slowness in 
movement, especially walking. In 1970, when she was 70 years old, the diagnosis 
of Parkinson's disease was made, and her treatment began with anticholinergic 
medication. Her condition continued to progress and in 1973 amantadine was 
added to her regimen. There was further progression and she was started on 
Sinemet (levodopa and carbidopa) 10/100 mg t.i.d., while her other medications 
were discontinued. She noted that when reading the newspaper the lines became 
fuzzy and that her vision became blurred several times a day, most noticeably in 
the morning. She had no trouble finding objects, and she denied double vision. 
Her pupils reacted somewhat slowly, slightly better to light than to convergence 
and accommodation. Ophthalmological examination in 1975 disclosed visual 
acuity of 6/6 in each eye; the cornea, the lens and posterior pole were clear, and her 
interocular pressure was 12 in each eye as measured by the Goldman applanation 
tonometer. At the end of 1975 she noted a ‘heavy lid’ which would on occasion 
make it difficult for her to keep the left eye open. Examination revealed intact 
eye movements and good convergence. Visual acuity was 6/7-5 OU, fundi were 
negative, and reaction of the pupil remained somewhat sluggish. Her Parkinson's 
disease was well controlled in the ensuing years on Sinemet alone, although 
morning stiffness of the left leg was noted. Her repeat ophthalmological examina- 
tion in 1978 disclosed no change. Her visual evoked potential testing was performed 
in 1977 and 1978, and both times showed abnormal interocular difference. The 
pupil size was around 3-4 mm in each eye at the EP testing and visual acuity was 
6/7-5 OU. Latency in the right eye remained 144 ms (fig. 6), while in the left eye it 
was 120 ms. 


OD 11/2/77 


OD 3/6/78 
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Fic. 6. identically increased latency (144 ms) recorded at interval of four months in the right eye of a 77 year-old 
patient whose history is described in the text Latency was normal (120 ms) 1n the left eye on both occasions. 
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DISCUSSION 


Visual evoked potentials elicited by patterned stimuli are predominantly: 
determined in the primary pathways of the human visual system. There is a large 
body of evidence that grating patterns are optimal stimuli for neurons in the 
primary visual cortex, and there is an impressive correlation between pattern 
EPs and visual functions. This correlation is not always simple. While amplitude 
changes of pattern evoked potentials correlate with changes of visual acuity and 
contrast sensitivity in lesions of the primary pathways (Bodis-Wollner, 1976), an 
abnormal latency of the pattern EP which is found in the majority of patients 
with multiple sclerosis does not correlate with either visual acuity or spatial 
contrast sensitivity to grating patterns (Bodis-Wollner, Hendley, Mylin and 
Thornton, 1979). It is thought that abnormal latency is due to delayed conduction 
in visual pathways affected by the process of demyelination and/or plaque 
formation. Long delays may be caused by conduction in denuded axons in the 
retino-geniculo-calcarine pathway (McDonald, 1977). 

It is surprising to find delayed VEPs in patients with Parkinson's disease, as 
neither involvement of visual pathways nor demyelination is a characteristic 
feature. Hence one must consider alternate mechanisms and/or pathways as 
playing a role. Perhaps in Parkinson's disease there is an altered, indirect influence 
of the basal ganglia on the generation of visual evoked potentials. Anatomical 
considerations point to striatotectal connections. It has been shown that 
stimulation of the caudate nucleus inhibits EPs in the visual cortex of the cat 
(Demetrescu and Demetrescu, 1962), and in this animal there are nigrotectal 
connections (Graybiel, 1978), as has been shown also in the monkey (Carpenter 
and McMasters, 1964). Pathways from the substantia nigra to the superior 
colliculus form synapses just below the layer where ipsilateral retinal efferents 
establish their contacts with collicular neurons possessing ‘visual-motor’ receptive 
fields. Pathways from the superior colliculus to the visual cortex have been 
demonstrated (Palmer, Rosenquist and Sprague, 1972). Since the latency of the 
major positive deflection of the normal VEP to grating stimuli is about 100 to 
120 ms, there is sufficient time for nigrotectal polysynaptic pathways to affect this 
*component' of the visual evoked potential. 

Since in some patients we found that the EP latency became shorter under 
dopaminergic therapy, it is possible that either striatal or extrastriatal catechol- 
aminergic pathways affect the visual evoked potential. It is known that Parkinson's 
disease affects several areas of the nervous system and one may suspect that other 
catecholamines besides dopamine are involved (Riederer, Birkmayer, Seemann 
and Wuketich, 1977). In this regard it may be relevant that noradrenergic pathways 
from the locus caeruleus to the visual cortex determine the development of 
binocular neurons of the cat (Kasamatsu and Pettigrew, 1976). The effects of 
another neuropharmacologically active substance point, however, to the possible 
role of dopamine itself in VEP changes in Parkinson's disease. Chlorpromazine 
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administration changes the evoked response in the superior colliculus to diffuse 
flashes, but does not affect the response in the visual cortex (Bakay and Mirsky, 
1977). Given the known dopaminergic antagonist effect of chlorpromazine, it 
would be of interest to study the effect of dopamine and the role of the superior 
colliculus in the evoked response of the primate visual cortex to patterned stimuli. 

An important site of further study may be the retina itself. Although all our 
patients were normal on ophthalmological examination, we cannot exclude 
involvement of the direct visual pathway in Parkinson's disease as a cause of 
delayed VEP. In 19 of the 35 patients, a significant interocular latency difference 
was present in the visual evoked potential. Interocular differences could imply 
prechiasmal, possibly retinal delays. Dopamine is widely found in the retina of 
many species, including monkeys, cats, rabbits and rats. It is now well established 
that dopamine is a neurotransmitter for interplexiform cells of new world monkeys 
(Dowling, Ehinger and Hedden, 1976). Certainly the notion of retinal dopaminergic 
impairment as a cause of prolonged EP latency is consistent with the concept of 
Parkinson's disease as a generalized dopaminergic deficiency syndrome (Barbeau, 
Campanella, Butterworth and Yamada, 1975). At present, however, there is only 
scant evidence for dopamine in the human visual pathways. 

Whatever explanation of increased VEP latency in Parkinson's disease may 
emerge, the monitoring of visual evoked potentials may be useful in the objective 
assessment of the disorder as well as of its response to treatment. Patients with 
Parkinson's disease were often included in the ‘control’ population in previous 
VEP studies, using checkerboard stimuli. With this stimulus only minor EP latency 
changes can be found in patients with Parkinson's disease (Davison, R. H., 1978; 
Dell, S., 1978, personal communication), thus their inclusion as controls may have 
been inconspicuous. In most laboratories the size of the individual checks of the 
stimulus, and even more commonly the total stimulus area, is larger than our 
gratings, and in addition, the luminance of our stimulus is lower. It is not yet 
certain which of these differences is crucial, but it appears important to specify, 
in further clinical studies of VEP latency, the precise stimulus conditions. 

Two-thirds of all patients with Parkinson's disease had abnormal EP latency: 
there were both treated and untreated patients who had normal EP latency regard- 
less of the duration of their disease. The correlation between prolonged VEP 
latency and duration of the disease was significant for patients with abnormal 
latency when interocular differences were neglected. It is noteworthy that patients 
with Parkinson's disease have been subdivided into a ‘malignant’ and ‘benign’ 
group, based on slow versus fast clinical evolution (Hoehn and Yahr, 1967; Marsden 
and Parkes, 1977). It remains to be seen in long-term follow-up whether or not 
changes in EP latency and clinical progression will correlate with each other. 
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SUMMARY 


Visual evoked potentials elicited by reversing grating patterns were recorded 
in 35 patients with Parkinson's disease and in 26 controls. The average latency of 
evoked potentials in patients with Parkinson's disease exceeded by two standard 
deviations the average of the age-matched control group of other neurological 
patients. Over two-thirds of all patients with Parkinson's disease had abnormal 
latency. In these patients latency did not correlate with age. In 5 patients the 
latency became less prolonged on levodopa therapy, suggesting that catechol- 
aminergic pathways have either indirect or direct effects on the generation of 
visual evoked potentials. Extrapyramidal connections of the visual cortex, as 
well as retinal dopaminergic neurons, require further study in Parkinson's disease. 
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THE CONCEPT OF A SENSORIMOTOR 
CORTEX 


ITS EARLY HISTORY, WITH ESPECIAL EMPHASIS 
ON TWO EARLY EXPERIMENTAL CONTRIBUTIONS BY 
W. BECHTEREW! 


by ALFRED MEYER? 


(Formerly at the Institute of Psychiatry, The Maudsley Hospital, London) 


INTRODUCTION 


THE concept of a sensorimotor cortex is generally attributed to Munk. Although 
he is usually quoted from the second edition of his The Functions of the Cerebral 
Cortex published in 1890, Munk’s views of this particular part of the cortex are 
essentially the same as those which he had expressed in the first edition of 1881, of 
which the relevant third chapter (‘Mitteilung’) has been reproduced by von Bonin 
(1960). Munk considered the cortical motor field to be part of the ‘feeling sphere’ 
in the large region in front of the visual and auditory centres in the dog's brain 
(C, D, E in Munk's figures). He spoke of a ‘cortical’ or ‘psychical’ paralysis (his 
*Rinden- or ‘Seelenlihmung’) caused by the loss of the memory for sensory 
images of motor action. Nowhere have I found any mention of a 'sensory-motor 
cortex'. Early allusions to this term were made by Luciani (1884, whose paper will 
be discussed on p. 675), by Hughlings Jackson (1884, p. 61) and again in the 
discussion to the paper by Bastian (1887) where, on p. 107 Jackson spoke of 
*sensorimotor units', effective on cortical, subcortical and spinal levels, and by 
Mott (1894) who headed a paper "The sensory motor functions of the central 
convolutions'. | 

Mott's paper is of considerable historical interest, as it reveals the confusion 
which surrounded the concept of the 'sensorimotor cortex'. He distinguished 
three groups of workers on the subject: the first of those who regarded the 
Rolandic region as purely motor, the second who held it to be purely sensory, and 
a third who regarded it as mixed sensory motor. Mott himself associated himself 
firmly with tbe third group. 

1 A more accurate spelling would be ‘Vladimir Bekhterev', as used by Paul Jakovlev ш The Founders of 
Neurology (Haymaker and Schiller, 1970) However, in the German translations from which I quote, he spelled 


his name “У. Bechterew’, ın later years adding the ennobling ‘von’ 
? Requests for reprints should be addressed to 38, Wood Lane, Highgate, London, N6 SUB. 
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The first group was led by Ferrier (1876, 1886, 1887, 1890). In the first edition of 
his The Functions of the Brain of 1876 (of which I quote from excerpts on pp. 199- 
202 (Clarke and O'Malley, 1968)) Ferrier said of his experiments on monkeys in 
which he was the first to use stimulation by faradic currents: “The first experiment 
I have to record is instructive, as showing the respective effects of irritation and 
destruction of the convolutions bounding the fissure of Rolando. . . . The part 
exposed included the (right) ascending parietal, ascending frontal and posterior 
extremities of the frontal convolutions. . . . Tactile sensation, as well as sight, 
hearing, smell and taste, were retained. On post-mortem examination it was found 
that the exposed convolutions were completely softened, but beyond this the rest 
of the hemisphere and the basal ganglia were free from injury . . .". 

In 1886 and later in 1887 in the discussion to Bastian's paper on p. 95, Ferrier 
strongly reaffirmed his views: ‘the motor centres are motor centres in precisely the 
same sense as other motor centres. Excitation causes movement, destruction causes 
paralysis of movement, and of this only'. Again he stressed tbat after lesion of 
the Rolandic convolutions there was no ‘loss or impairment of tactile or muscular 
sensibility’. Horsley and Schafer (1888) fully supported Ferrier's findings. Even 
in 1891, Beevor and Horsley reported no sensory impairment although their 
diagrams in stimulation experiments on monkeys and apes clearly indicate that 
the boundary lines pass across the fissure of Rolando, particularly in the important 
lower two-thirds of the postcentral region. However, Mott reported that later in 
1891 Horsley began to waver towards a mixed sensorimotor function of the 
Rolandic region. By 1894 Horsley had five human cases in which large portions of 
the brain in the Rolandic region had been removed and the operation had been 
followed by sensory as well as motor defects: Mott was able to confirm this 
personally in two of these. Horsley insisted on mixed sensorimotor function in 
both Rolandic regions as late as 1909 in his Linacre lecture—seven years after 
Grünbaum and Sherrington’s first report that the postrolandic: zone was 
inexcitable (1902), and two years after the Vogts (1907), also in monkeys, had 
confirmed Sherrington’s findings. Horsley’s error was part of his generally 
recognized emphasis on the close integration of many centres in the control of 
movement. In this he adopted Jacksonian ideas. 

‘Schafer, the partner of Horsley in 1888, was slower in the retreat from his 
original position: even іп 1898—although he admitted that ‘Hemianesthesia 
sometimes results from an extensive lesion of the motor cortex’ (that is, both 
convolutions bordering the sulcus of Rolando)—he pointed out that ‘this is 
however not local but general, and is due to the vascular and mechanical 
disturbance produced upon the whole side of the brain by the establishment of 
the lesion’. But now he conceded that hemianzsthesia may not be caused by a 
hippocampal lesion (as suggested by Ferrier and Yeo, 1884) nor by a defect in the 
gyrus fornicatus as advocated by Horsley and himself (1888), but rather be ‘due to 
the general disturbance in the whole half of the brain . . .'. Schafer reaffirmed this 
view in 1900. 
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Carville and Duret (1875) and Luciani and Tamburini (1878) have been 
acclaimed as supporters of Ferrier's views. However, the French authors believed 
(p. 483) that cortical lesions produced only inconstant and incomplete pareses. 
They became complete (‘véritable’) only when the basal ganglia were involved. 
Luciani and Tamburini spoke of 'psychomotor' pareses after lesions of the 
Rolandic zone. 

Schiff (1875) was regarded by Mott as the chief representative of his second 
group: for him the central convolutions were purely sensory (but according to 
Scháfer, Schiff amended his view later). Nothnagel (1873), Hitzig (1874, 1877) and 
Bastian (1887) were among others who according to Mott regarded the excitable 
area as the seat of ‘muscle sense’ or ‘kinzsthesis’. Munk was regarded by Mott to 
belong to his third *mixed' group, but he might be better placed in the second 
group, since, as already mentioned, he regarded paralysis to be caused by the loss 
of the memory for sensory images. 


. The concepts of ‘muscle sense’ or ‘sense of innervation’ are derived from Charles Bell and from some 
of the disciples of Johannes Müller and their followers, in particular Wilhelm Wundt, whose views were 
introduced into this country by Bain (1864). The history of these concepts has recently been fully 
reviewed by Jones (1972, see there also for references). 


Into his third mixed sensorimotor group Mott included Hughlings Jackson 
(1887 in the discussion to Bastian's paper and again in 1890) for whom on 
theoretical grounds a separation of sensory from motor centres was unthinkable. 
From 1881 Jackson spoke of the sensorimotor region in the Rolandic convolutions 
as the middle level, the highest level being located in the prefrontal cortex. On the 
other hand, he considered the visual cortex in the occipital lobe to be the highest 
cortical level of vision. Not until 1898 did he admit this injustice, by relegating the 
visual cortex to the status of ‘middle level’, subsidiary to a highest level of vision, 
though he confessed his ignorance of its location. 

Others in Mott's third group were Luciani and Seppili (1885), Starr (1884), 
Dana (1888) and Bechterew (1899). Luciani and Seppili's monograph was not 
available to me but in 1884 Luciani (p. 157) gave a preview of their conclusions: 


... consequently to the total or partial extirpation of the motor zone ın the dog and the monkey, one 
constantly observes effects not only of motor paralysis, but also of cutaneous and muscular anzsthesia 
... the single centres in the sensory-motor zone are so completely bound up with, and so to speak, let 
into, one another, that it is not possible to divide them with a clear and definite line . . . 


Luciani and Seppili also investigated 47 human cases. These were included in 
Dana's collection of 142 human cases, who came to conclusions similar to those of 
the Italian authors. 

Starr (1884) reported his experiences in 30 human cases on which he had carried 
out a cerebral operation. He concluded (pp. 403 and 404) that the various sensory 
areas for different parts of the body lie about and to some extent coincide with 
the motor areas for similar parts; sensory perceptions occur in the gray matter of 
the anterior and posterior central convolutions and of the parietal convolutions. 
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Mott quoted Bechterew from the first edition of his Leitungsbehnen (Tracts of 
Conduction) of 1894 which was not available to me; but in the second edition of 
1899 (p. 432), Bechterew's views were still essentially the same: 


The cortical motor field therefore consists of several sensitive-motor centres, in which under control of 
tactile and muscle sensations movements are brought about. Stimulation of these centres results in 
muscle contraction and abnormal sensation in the corresponding (predominantly contralateral) limbs. 
Ablation results in paralyses of both motor and sensory nature. 


Even in 1911 (p. 1476, ff.), after he had taken note of the results of Grünbaum and 
Sherrington, Bechterew still believed that fibres may cross over in the depth 
of the Rolandic sulcus. 


Forgotten Early Papers by W. Bechterew 


Mott knew of Bechterew's paper of 1883 in which Bechterew had reported his 
findings following ablation of the sigmoid cortex in dogs, but did not comment on 
it. However, it deserves a more extensive quotation (pp. 411, ff): 


... Upon these data I could conclude with conviction, that after destruction of the motor region the 
observed motor disturbances do not depend on any sensory changes, and that for this reason the centres 
of tactile and muscle sense must be separate from the motor centres. After further investigations 
undertaken in order to determine as accurately as possible the localization of the cortical centres for 
skin and muscle sensation, I paid attention to the area lying between the motor field which is almost 
exclusively situated within the sigmoid nucleus and its immediate neighbourhood, and the centres for 
vision and hearing in the occipital and temporal regions made known to us by the investigations of 
Ferrier and Munk, respectively. 

The function of this large area which would correspond to the parietal convolutions of the human 

. brain, has not yet been investigated by physiologists. Although in his illustration of cortical sensory 
centres Munk assigned this area to the sensibility of eyes and head, one nevertheless sees at first glance 
that it would seem strange if such a considerable part of the sensory cortical surface should be reserved 
for a relatively small part of the body. 

By my experiments in dogs which I carried out during several months, I have become baia that 
destruction of different points within this area is unfailingly followed by significant sensory changes on 
the contralateral side of the body. According to the site of the lesion, these changes involve either tactile 
sensibility or muscle sense or pain. 

If the ablation 1s placed immediately behind the sigmoid gyrus the following signs are usually found, 
after the anımal had recovered from the operation: 

"When I applied strong painful stimuli, for example pin-prick, pressure upon the paws, burning heat 
or faradisation, I found no difference in reaction between the left and right side body halves. However, 
if Iemployed weak stimuli, light touch with the blunt end of the pin, light pressure on different contra- 
lateral parts of the body, I noticed that the animal did not react at all, as if 1t did not perceive them; 
whereas the same stimuli applied to the ipsilateral side produced movements which must be considered 
to be normal responses to the stimuli. Incidentally facial tactile sensation was usually unaffected except 
when the ablation included that part of the second primitive gyrus (“Urwindung”) which lies immediately 
outside the sigmoid convolution. Motor disturbances were absent. 

‘If the cortical area between the posterior border of the sigmoid gyrus and the temporal pole had been 
ablated in the region of the third and fourth primitive gyri—that is to say at the beginning of the fossa 
Sylvii—I usually observed no changes of tactile sensitivity; instead constant and most distinct defects of 
the muscle sense appeared in the contralateral extremities. Following passive extension or flexion, or 

. change of position, the blindfolded animal made no correcting movement which might indicate that ıt 

had perceived these positional changes. . .' 
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Bechterew observed also reduction of the normal response to painful stimuli in the contralateral 
extremities after ablation ın the region of the cortical zone responsible for kinesthetic disturbances. 
I omit fuil quotation of this part of his paper because the cortical representation of pain has proved 
complex and is even today not yet fully understood. Bechterew concluded his paper with the following 
summary: 

‘All the experiments reported above provide proof that, within the cortex, separate centres exist for 
the perception of tactile sensation, muscle sense and of pain. The centres for tactile sensation lie 
immediately behind and outward of the motor field, whereas the centres for muscle sense and pain are 
found at the beginning of the fossa Sylvii. 

‘As evident from the description, the last two centres аге close to each other; but because in some 
animals reduction of muscle sense alone was found, while in others reduced reaction to painful stimuli 
only, it must be concluded that they are'not identical.’ 

In 1885, Bechterew returned to the subject. The larger part of the new paper argues against the views 
of Schiff (who, it will be remembered, was the chief representative of Mott's second group). This second 
paper, however, is noteworthy because, 1n order to amplify his previous findings, Bechterew reported 
the results of an ingenious experiment carried out in a cat. He chose this species of carnivores because 
‘As is well known, cats possess an especially fine sensitivity and are therefore particularly suitable for 
investigations of tactile sensations’ (1885, pp. 143, ff.). 

‘Using anzesthesia, I trephined the skull wide enough to have access to the left sigmoid gyrus. Then I 
stimulated the surface with a weak current and determined the localization of the motor centres for the 
fore- and hindlimbs, marked their extent cautiously with the point of a knife and, with the help of a 
teaspoon, I ablated the grey matter within the markings until the white matter became visible. The 
extirpation of the grey matter did not reach the posterior border by 2-4 mm and therefore its effect was 
unlikely to exceed the limits of the sigmoid gyrus.’ 

After the operation Bechterew observed motor disturbances which were particularly distinct during 
the first phase after recovery. These he described convincingly. He continued: 

‘Investigation of tactile sensation showed that on light touch or caressing of the skin of ear lobes, 
head and extremities on both sides, the animal almost always reacted with closing the eyes, moving the 
ear lobes . . . The cat was also highly sensitive to wetting the skin of the paws with a weak jet of 
water from a syringe... 

‘The manifestations described above were present immediately after recovery from the operation as 
well as later. In contrast the motor disturbances and the gait improved early—to a degree that it was 
possible to detect a certain clumsiness of the right extremities on close observation only. ` 

"To me the result of this experiment is completely convincing and needs no further explanation. 
Obviously, in the absence of even the slightest defect in the sensory response to the usual stimuli, it 
appears quite impossible to maintain the view that motor disturbances are the consequence of prior 
involvement of sensory centres.’ 

In both papers Bechterew emphasized that he had used only weak stimuli for both the exploration by 
the faradic current of the motor field and for the examination of sensation, in contrast to Ferrier's much 
stronger stimulations. 


DISCUSSION OF BECHTEREW'S FINDINGS 


The observations and conclusions of Bechterew must be seen against the 
background of the confusions and errors which surrounded the problem of the 
cortical representation of motor and somatosensory function at that early period. 
Ferrier believed throughout that both Rolandic convolutions controlled motor 
function; in carnivores they were situated in front of and behind the cruciate sulcus 
which he regarded as the homologue of the primate's central sulcus. Control of 
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somatosensory function he placed into the hippocampal region. Horsley and 
Scháfer (1888) shared the views of Ferrier except that they localized somatosensory 
' function into another part of the limbic lobe, the gyrus fornicatus. Although 
Hitzig (1874) had shown that lesions placed in the sigmoid gyrus resulted in motor 
disturbances, he, like Schiff, believed that the function of the ‘excitable cortex’ 
was ‘kinesthetic’ and the motor phenomena were secondary to stimulation of 
subcortical centres. 

Bechterew was the first to demonstrate experimentally that lesions 'almost 
exclusively confined to the sigmoid nucleus resulted in purely motor disturbances.' 
The cortical somatosensory centre he found lying between the posterior border of 
the sigmoid nucleus and the auditory and visual cortical centres, in an area of 
which he said that it had not yet been investigated before by physiologists. He even 
noticed an anteroposterior representation of tactile sensation and of ‘muscle 
sense’. 

These are remarkable results, because they anticipate in carnivores some of 
the fundamental results of Grünbaum and Sherrington (1902, 1903) in apes by 
almost two decades and the charting of the somatosensory cortex by an even longer 
period. 

In their final paper of 1917, Leyton (the name adopted by Griinbaum since 
1915) and Sherrington stated that in subhuman primates they never succeeded in 
obtaining motor responses to stimulation of the free surface of the postcentral 
region except for ‘echo’ motor responses when faradization of the postcentral 
gyrus near the central sulcus followed immediately on stimulation of the 
corresponding part in the motor cortex. Even in that part of the motor cortex 
buried within the central sulcus the excitable zone was almost entirely confined to 
the anterior wall: only exceptionally ‘in some individuals’ did the authors obtain 
motor responses to stimulation of the deepest and most ventral parts of the 
posterior wall. 

Sherrington and his associate did not extend their experiments to the somato- 
sensory cortex. Cushing (1909) was the first to produce sensation without 
movement in man by stimulating the postcentral gyrus of two conscious patients; 
both reported sensations of tingling and numbness in bodily parts which closely 
corresponded with analogous motor phenomena in the precentral convolution. 
A confirmation of the anteroposterior representation of tactile and deep sensation 
had to wait much longer. During their stimulation experiments in the human 
cortex, Penfield and Rasmussen (1950) found that ‘discriminatory’ sensation was 
represented in areas 1 and 3, and ‘proprioceptive’ sensation more caudally in 
area 2. Their results were confirmed in monkeys by Powell and Mountcastle (1959) 
and by Jones and Powell (1969). Retrospective judgement, however, would look 
for a loss of joint sensibility rather than of ‘muscle sense’ to explain the 
‘positional’ changes reported by Bechterew: muscle afferents end in the (rostral) 
area 3a, as Phillips, Powell and Wiesendanger (1971) have demonstrated in the 
baboon. 
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Bechterew had been rather vague when he defined the place of his posterior 
lesion as lying 'above the beginning of the fossa Sylvii within the third or fourth 
primitive gyrus’. When in 1941 Adrian described a second somatosensory cortex 
(the S2 of Woolsey, 1943) he recorded responses to peripheral stimuli in the cat's 
cortex behind the anterior ectosylvian sulcus near the base of the brain (see fig. 1 
and Adrian’s fig. 1). This would be also within the space outlined by Bechterew. 





Fic. 1 showing lateral convexity of the brain of the cat (left) and the dog (right). Cr—sulcus cruciatus, Co 
s. coronalis, a==s. ansattus, ps=s. praesylvius, ss (у)=з suprasylvius, es (x!, x7) —s. ectosylvius anterior and 
posterior. S. —s. pseudosylvius (there exists no true Sylvian fissure in carnivores). (Reproduced by permission of 
the Gustav Fischer Verlag, Jena, from figs 1 and 2 of Ziehen (1890) 


Adrian, however, obtained responses to both tactile and pressure stimuli, whereas 
Bechterew, who investigated his dogs after recovery from anesthesia, was very 
positive that only positional sensation had been lost. Therefore, there is some 
justification in assuming that Bechterew's posterior lesion was not identical with 
Adrian's second somatosensory cortex, but placed within a more dorsal area 
which would correspond to the caudal portion of the primate's postrolandic 
cortex and still be within the limits set by Bechterew. 

Apart from mentioning the fossa Sylvii, Bechterew did not name any sulci 
knowledge of which was rather uncertain at this early period. In carnivores, the 
Sylvian fissure of higher species is not yet developed; instead they have a ‘pseudo- 
sylvian' sulcus (Elliot Smith, 1902) which runs an almost vertical course. It is 
quite possible that when he spoke of the beginning of the fossa Sylvii, Bechterew 
meant the anterior ectosylvian sulcus above which he placed his posterior lesion. 

For reasons we can only guess, however, Bechterew did not maintain his views. 
In 1885 he began his long collaboration with Flechsig who in the same year briefly 
spoke of a continuation of the medial lemniscus to the cerebral cortex—his 
‘Rindenschleife’. In his later paper with Hósel (1890) Flechsig regarded both 
Rolandic convolutions as the ‘central organ of the posterior spinal tracts’. 
Bechterew may also have been swayed by the growing number of workers of repute 
(including Luciani, Dana, Starr and Horsley) who from the middle 1880's onwards 
concluded that both Rolandic convolutions contained mixed sensory and motor 
centres. 
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The Homologue of the Primate's Rolandic Sulcus in Carnivores 

In his Croonian lecture, Ferrier (1890) expressed his belief that the sulcus 
cruciatus was the homologue in carnivores of the primate's central sulcus and not 
thecoronal sulcus, as Owen (1868), Pansch (1875), Meynert (1877) and Turner (1890) 
had assumed. Ferrier had held this view since 1876, and he was strongly supported 
by the conclusions of Kükenthal and Ziehen (1889) and Ziehen (1890, see my fig. 1). 





Fic. 2 Lateral convexity of the cat's brain. Punctate region indicates extent of the ‘gigantopyramidal cell’ type. 
Description in text. (Reproduced from fig. 22 of Brodmann, 1905). 


Using his cytoarchitectonic method, Brodmann (1905, p. 117, see his fig. 22, 
my fig. 2) concluded that in all carnivores the area gigantopyramidalis is found 
in the posterior part of the sigmoid gyrus, but in some subspecies (for example, 
cat, dog and wolf) it may also occupy most of its anterior portion. This excludes 
the sulcus cruciatus as a possible homologue in carnivores of the primate's sulcus 
centralis. Modern opinion (Ariéns-Kappers, Huber and Crosby, 1960, Vol. 3, 
p. 1532) altogether denies that the cruciate sulcus has an equivalent structure in 
the primate's brain. On the other hand Brodmann (1905, figs. 20 and 22) has shown 
that the coronal sulcus only partially constitutes a caudal border to the giganto- 
pyramidal cortex which dorsally ends well in front of the ansate sulcus and ventrally | 
penetrates by at least a third into the gyrus suprasylvius anterior (or gyrus” 
coronalis, a name given by Langley (1883) and used by Brodmann and some other 
workers). Brodmann believed no single sulcus in lower species serves as a homo- 
logue of the primate’s central sulcus (which, in turn, however, is not a single 
structure but formed by several components). Brodmann’s findings agree with the 
earlier ones of Hitzig (1874, p. 136, fig. 10) who, in the dog, suggested a combination 
of two different sulci, both named R. Elliot-Smith also proposed a (now 
unacceptable) combination of the coronal and cruciate sulci. More recently 


`+ Ariéns-Kappers and his associates (1960) favoured a combination of the coronal 


sulcus and sulcus ansatus as a likely homologue in carnivores and other lower 
species of the central sulcus. 

Brodmann maintained his findings and conclusions in his book of 1909 (see 
his fig. 104, p. 183); they were confirmed and amplified by, among others, 
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Gurewitch and Bychowsky (1928), Filimonoff (1928), McKibben and Wheelis 
(1932) and by Garol (19424). The cytoarchitecture of the somatosensory cortex 
was found within the anterior suprasylvian (sive coronal) gyrus extending dorsally 
for some distance into the posterior sigmoid nucleus (see Brodmann, 1909, p. 183, 
fig. 104). Garol (19426) tried in the cat’s brain to outline its extent by means of the 
strychnine method, but as we have seen, recording of cortical responses to 
peripheral stimuli has proved superior (for example, Adrian, 1941; Hamuy, 
Bromiley and Woolsey, 1956; see the latter authors’ fig. 2 which agrees fairly well 
with Brodmann’s (1909) anatomical description and fig. 104). 

Gurewitch and Bychowsky, Filimonoff, as well as more recently, Kreiner (1964) have suggested a 
postcruciate sulcus as the homologue in carnivores of the primate’s central sulcus. However, this 


Structure is very constant; it is shown neither in the illustrations of Brodmann nor in those of Hamuy 
et al. (1956) and Anéns-Kappers et al. (1960). 


It was necessary to dwell at some length upon these problems of comparative 
neuroanatomy because they not only help to understand the experiments and 


conclusions of Bechterew, but also were at the root of many controversies during 
the period which has been reviewed in this paper. 


SUMMARY 


A brief account has been given of the events during the last quarter of the 
nineteenth century which led to the concept of the sensorimotor cortex. An early 
review by Frederick Mott has served as a useful guide. Particular attention has 
been paid to two early startlingly prescient papers by W. Bechterew. Since, 
however, Bechterew changed his views in subsequent publications, he forfeited a 
major claim for priority, and his early papers were forgotten. 
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INTRODUCTION 


FOLLOWING prolonged epileptic seizures in animals or man, loss of nerve cells 
and gliosis may be found in the cerebellum, hippocampus, amygdala, cerebral 
cortex or thalamus (see Corsellis and Meldrum, 1976). Initial suggestions (Spiel- 
meyer, 1927; Scholz, 1959) that systemic hypoxia or arterial spasm (or 
compression) were responsible have not been substantiated by subsequent clinical 
or experimental studies. Observations on prolonged seizures induced in baboons 
by bicuculline (Meldrum and Horton, 1973; Meldrum and Brierley, 1973) have 
led to the suggestion that secondary physiological changes occurring late in 
prolonged seizures (including arterial hypotension, hypoxia, hypoglycemia and 
hyperthermia) contribute to the causation of brain damage. However, there is also 
evidence that seizure discharges in the brain can induce ischemic neuronal changes 
in the absence of secondary systemic disturbances likely to impair cerebral energy 
metabolism (Meldrum, Vigouroux and Brierley, 1973). 

In the rat, under light nitrous oxide anesthesia with peripheral neuromuscular 
blockade, it is possible to induce prolonged seizures’ with bicuculline and to 
monitor and control appropriate physiological variables over a period of two 
hours (Chapman, Meldrum and Siesjó, 1977). We have used this model to evaluate 
the potential contribution of different systemic factors by varying each one in 
isolation. The factors that we have evaluated are arterial hypotension, arterial 
hypoxia, hypoglycaemia and hyperthermia. The brains have been fixed by perfusion 
directly after the seizure period so that the early stages of ischemic cell change 
(Brown and Brierley, 1968) can be evaluated by light microscopy. In parallel 
experiments, groups of rats maintained under identical physiological conditions 
have undergone seizures of the same duration, but terminating with rapid in situ 
freezing of the brain to permit estimations of labile phosphates, glycolytic 
metabolites, citric acid cycle intermediates and associated amino acids (Chapman 
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et al., 1977; Blennow, Nilsson and Siesjó, 1977, 1978c; Blennow, Folbergrová, 
Nilsson and Siesjó, 19785). Similar matching studies of cerebral blood flow (CBF) 
and cerebral metabolic rate for oxygen (CMRo,) and glucose have been undertaken 
(Meldrum and Nilsson, 1976; Borgstróm, Chapman and Siesjó, 1976; Blennow 
et al., 1977, 1978b, c). These results, which are reported independently, facilitate 
the interpretation of the present experiments. 


MATERIALS AND METHODS 
Operative Procedure 


Male Wistar rats (285-410 р) were allowed free access to water and food pellets until anzsthesia was 
induced with 3 per cent halothane (except for the Hypoglycemia Group in which food pellets were 
withdrawn twenty-four hours earlier). Animals were tracheotomized, immobilized with tubocurarine 
chloride (1 mg/kg), heparinized (100 IU/kg), and artificially ventilated with 70 per cent nitrous oxide 
and 30 per cent oxygen. Femoral venous and arterial cannule were inserted. Arterial pressure, the 
electroencephalogram (from platinum needle electrodes, or gold-plated bolts inserted ш the skull) and, 
when necessary, the electrocardiogram, were recorded polygraphically. Rectal temperature was 
maintained close to 37? C by external heating. Halothane was withdrawn and the animals were stabilized 
on №,О/О, for 15-20 min. Prior to bicuculline injection, arterial blood (1-3 ml) was slowly withdrawn 
so as to reduce mean arterial pressure from 150-165 mmHg to 120-140 mmHg (this was to diminish 
the severity of the early ictal hypertension). Bicuculline hydrochloride (Sigma Chemical Co.) dissolved 
in 0-1 M НСІ and brought to pH 4-5 with 1 N NaOH, was injected intravenously in a dose of 1-2 mg/kg. 
Arterial Po,, Peo, and pH were determined with microelectrodes at 37° C (Eschweiler and Co., Kiel, 
and Radiometer, Copenhagen) and corrected for body temperature. In a few experiments the EEG 
seizure appeared to decline in intensity and a second injection of bicuculline was given. Some animals 
also received sodium bicarbonate (0-3-0-5 ml of a 0-6 M soln) intravenously 

The following procedures were adopted to give the required groups. 


Standard seizure (13 rats). EEG seizure activity continuing uninterrupted for two hours, with mean 
arterial pressure maintained above 120 mmHg by infusion of heparinized donor blood, arterial oxygen 
tension generally above 100 mmHg, arterial CO, tension 30-40 mmHg, rectal temperature close to 37° C. 


Arterial hypotension was induced ш two groups: (1) Moderate (12 rats), as for Standard Seizure except 
that mean arterial pressure was lowered by bleeding 5-25 min after onset of seizure, and subsequently 
maintained at 70-75 mmHg. (Sodium bicarbonate was given to 5 rats); (2) Severe (6 rats), as for Standard 
Seizure except that the mean arterial pressure was brought to 50 mmHg after 15-25 min and subsequently 
maintained at or just below this level. 

Hypoxia (7 rats) The percentage of oxygen in the inspired gas mixture was reduced to give an arterial 
Po, close to 50 mmHg, at approximately 30 min after the bicuculline injection. The N,O concentration 
was maintained at 70 per cent by admixture of N,. (Four rats received a second ELS. of bicuculline. 
All 7 rats received sodium bicarbonate). 

Hypoglycemia (6 rats). Rats were provided with water but no food pellets for 24 h before the 
bicuculline injection. In such fasted rats, continuous seizure activity leads to a progressive reduction m 
blood glucose concentrations (Blennow et al., 1978b). ` 

Hyperthermia (7 rats). By means of external heating the body temperature was raised so that ıt reached 
close to 40? C after about 30 min. This temperature was maintained for the rest of the experimental 
period. (Four rats received sodium bicarbonate solution). 
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Fixation. At the end of the 2 h period (with seizure activity and mechanical ventilation with N. 20/0; 
still continuing), perventricular-aortic perfusion of the brain was performed. Heparin and a 30-60 s 
washout with physiological saline solution preceded perfusion with a formalin/acetic acid/methanol 
mixture (1,1,8 by volume) at systolic blood pressure for 20 min. Subsequently the brains were numerically 
coded and blocks from forebrain, brain-stem and cerebellum were embedded in paraffin Sections were 
stained with cresyl violet and Lugol fast blue and with hematoxylin and eosin Neuropathological 
assessment (by J.B.B.) was performed ‘blind’. 


RESULTS 
Cardiorespiratory Physiology 


In all six experimental groups, the initial physiological changes following 
bicuculline injection conformed to the description given by Meldrum and Nilsson 
(1976) and Chapman et al. (1977). A rise in mean arterial blood pressure to 
180-210 mmHg was consistently observed. It declined from 5-15 min after onset 
of seizure and its subsequent level was governed by experimental manipulations. 

Mean values for the key physiological variables, determined (a) after the 
selective manipulations have taken effect, and (b) at the end of the experimental 
period, are summarized in Table 1. This shows the uniformity and stability 
achieved in the Standard 2 h seizure Group. In the Moderate and Severe Hypo- 
tension Groups the required arterial pressures were closely held. Hypotension 
produced a fall in arterial CO, tension (with unchanged mechanical ventilation) 
and a marked acidosis. Arterial pressure was slightly lower in the Hypoxia Group 
than in the Standard Group. 

In the Hypoglycemia Group the arterial glucose concentration prior to bicucul- 
line injection, although not ‘hypoglycemic’, was markedly lower (6:2 4-0-2 p mol/g, 
Chapman et al., 1977). Hypoglycemic levels were reached in approximately 30 min 
(3-140-2 u moles/g) the time course is shown in detail in Blennow et al., 1978. 
The final value was similar (3:34-0-2 u moles/g). 

In parallel hypoglycemia experiments we (Blennow et al., 19786) observed 
initial concentrations of ketone bodies in the blood (B-hydroxybutyrate, 1-93 
u mol.g-!; acetoacetate, 0-630 u mol.g-?) similar to those previously described in 
rats starved for 24 hours (Ruderman, Ross, Berger and Goodman, 1974). During 
the seizure, B-hydroxybutyrate concentration fell progressively (to 1:02 џ mol.g-! 
at 20 min and 0-55 p mol.g-! at 120 min). Acetoacetate fell rapidly to 0-235 
ш mol.g-! (at 5 min) and to 0-088 и mol.g-! while the EEG showed single spikes. 

The total volume of donor blood infused to maintain an arterial pressure above 
120 mmHg was between 8 and 12 ml. This significantly increased the hemoglobin 
content (for example, in the Hypoglycemic Group, from 1344-4 to 168-7 g/1). 


'EEG Changes 


Standard group. Onset of the seizure was indicated by rapid irregular spikes, 
becoming of greater amplitude and rhythmicity, slowing from 10 Hz over 2 min. 
Subsequently, bursts of rapid, irregular spikes were interspersed with isolated 
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spikes. Bursts lasted 2-20 s, with brief silent periods or a few spikes or polyspikes 
and waves separating them (see fig. 1, and Chapman et al., 1977). 


Moderate arterial hypotension. EEG seizure activity was similar to that in the 
normotension group. 

Severe arterial hypotension. When the mean arterial pressure fell initially to 
50 mmHg, longer episodes (30-120 s) of isolated single spikes or of polyspike and 
wave patterns tended to intersperse the bursts of fast spikes. This was more marked 
if the mean arterial pressure fell to around 45 mmHg; rapidly recurrent bursts of 
fast spikes returned if the mean pressure rose above 50 mmHg. 


Hypoxia. A transition to brief periods with isolated single spikes was seen at 
variable intervals after attainment of the required level of arterial hypoxia. In 
four experiments, such periods were followed by absence of seizure activity; 
injection of bicuculline (1 mg/kg) restored EEG seizure activity, with a single 
Spike pattern predominating. 

Hypoglycemia. At approximately 30 min after onset of seizure, the EEG showed 
a transition from recurrent bursts of rapid spikes to isolated spikes (repeated 
roughly every 1-5 s, with occasional rare bursts of spikes). A further bicuculline 
injection generally produced one or two bursts of rapid spikes, then continuation 
of the single spike pattern. 

Hyperthermia. At about 90 min after seizure onset (that is, after 1 h at approxi- 
mately 40? C) there was a tendency for the burst-suppression pattern to be replaced 
by isolated spikes (in the 2 most marked cases only single spikes were seen during 
the last 30 min of seizure activity). 


Neuropathological Alterations 


Standard group. 'The principal neuronal change (observed in 11 out of 13 brains, 
see Table 2) was ischemic cell change, or the transitional stage from micro- 
vacuolation to ischemic cell change (Brown and Brierley, 1968). This was seen 
most frequently in the neocortex, predominantly involving smaller neurons in 
the outer layers (1-3), but occasionally also involving the deeper cortical layers 
(5 and 6). In general only a small proportion of neurons showed such changes; 
these occurred in a diffuse fashion, symmetrically, and at both anterior and 
posterior levels in the cortex. 

In the hippocampus similar neuronal changes were seen involving, in both 
hemispheres, a small number of neurons in the Sommer sector (h,) and, in 3 
animals only, the endfolium (h, ,). 

In the striatum 3 animals showed ischemic changes involving a few scattered 
small pleomorphic neurons. 

In the thalamus scattered ischemic neurons were found in 4 animals occurring 
usually with a focal (perivascular) distribution. 

The cerebellum and brain-stem showed no neuronal changes. 
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Moderate hypotension. In one rat scattered neurons in the outer layers of the 
cortex showed ischemic cell change; other brain areas were normal. 


Severe hypotension. In 5 animals the cortex showed ischemic neuronal changes 
similar in kind and distribution to those observed in the Standard Group. In one 
animal microvacuolation was seen in nearly all the neurons in the endfolium in 
one hemisphere; otherwise hippocampal damage was not seen. In one brain 
scattered neurons in the striatum showed early ischemic cell change. 


Hypoxia. The 7 brains in this group showed no clear evidence of ischemic cell 
change. 


Hypoglycemia. In 2 brains a few neurons in the outer cortical layers showed 
microvacuolation and early ischemic neuronal change. Other brain areas were 
normal. 


. Hyperthermia. In all 7 animals in this group ischemic cell change was observed 
in scattered neurons in the outer cortical layers. In contrast to the Standard Group 
the changes indicated a more advanced stage of ischemic cell change; in all 7 brains 
‘incrustations’ (Brown and Brierley, 1968) were a prominent feature. In the 
Sommer sector of the hippocampus. ischemic cell change (but without incrusta- 
tions) was seen rather than the transition from microvacuolation to ischemic cell 
change seen commonly in the Standard Group. In one animal'scattered neurons in 
the striatum showed ischemic cell change. 


TABLE 2. NUMBER OF ANIMALS SHOWING MICROVACUOLATION AND/OR ISCHAMIC 
CBLL CHANGE IN THE BRAIN AFTER 2 H SEIZURE ACTIVITY UNDER VARIOUS 
PHYSIOLOGICAL CONDITIONS 





Region 

No. in Cortex Hippocampus Striatum 

group A, -hs total ` Total 
Standard 13 1 9 3 9 3 11 
Moderate hypotension 12 1 0 0 0 0 ы 
Severe hypotension 6 5 0 1 1 1 5 
Hypoxia 7 -0 0 0 0 0 0** 
Hypoglycemia — ' 6 2 0 0 0 0 2*+ 
Hyperthermia 7 7 6 0 6 1 7 


* or ** = significantly different from the Standard Group at the 5 per cent or 1 per cent level (Fisher's 
exact probability test). 


1 
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DISCUSSION 


The acute pathology observed here, microvacuolation and ischemic cell change, 

is similar in cellular. morphology and regional cerebral distribution to that 
' observed in baboons after three hours or more of seizure activity with paralysis 
and mechanical ventilation (Meldrum et al., 1973). 

Both the rats and the baboons show a predominance of cerebral cortical and 
hippocampal damage (Meldrum and Brierley, 1973). Microvacuolation (which is 
the appearance under the light microscope of cytoplasm containing grossly 
swollen and disorganized mitochondria, Brown and Brierley, 1973) and ischemic 
cell change are the result of a variety of stresses which have as a common feature 
the disruption of cellular energy metabolism. Such manipulations include arterial 
hypotension, hypoglycemia, systemic hypoxia, cerebral oligemia or ischemia 
(Brierley, 1976). : 

As seizure activity augments cerebral energy consumption (as evaluated by 
measurements of oxygen and glucose consumption, or of metabolic intermediates) 
a failure of energy supply to keep pace with energy utilization would seem likely to 
be an important factor contributing to acute epileptic brain damage. However, our 
observation that in a physiologically controlled situation, ischemic cell change is 
less severe in the presence of a moderate reduction of cerebral oxygen availability 
or hypoglycemia, argues against such a mechanism operating in a simple manner. 
Clearly factors other than energy charge need to be considered as causes of 
ischemic neuronal change following sustained seizure activity. 

A raised intracellular lactate concentration is thought by various authors to be 
toxic or lethal (see Wasterlain, 1974). Myers (1977) has suggested that lactate 
accumulation in the brain is responsible for the cerebral oedema and necrosis 
occurring in glucose pretreated rhesus monkeys subjected to 14 minutes of 
cardiac arrest (but not occurring when the animals are food- and glucose-deprived). 
From a comparison of various hypoxic and ischemic stresses, Myers (1977) 
concludes that a brain lactate concentration exceeding 25 umol/g will produce 
widespread tissue destruction. The lactate measurements in Table 3, collected 
from parallel studies (Blennow et al., 1977; Blennow et al., 1978a, 19785) show 
that, in status epilepticus, the different acute neuropathological outcomes cannot 
be attributed simply to different lactate concentrations. For example, lesions were 
observed in the Standard group at lower lactate concentrations than those observed 
in the Moderate Hypotension and the Hypoxia groups, and yet, animals in the latter 
groups showed hardly any lesions. It is conceivable that lactic acidosis is detri- 
mental only when energy failure is present (see below). 

Is it possible that physiological factors other than those defining our six groups 
could be determining the different pathological outcomes? 


Blood-brain barrier dysfunction has been shown by leakage of plasma protein- 
bound dye during bicuculline-induced seizures in rats, and appears to be a 
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consequence of the combination of a high arterial pressure and a reduced 
cerebrovascular resistance early in the seizure (Johansson and Nilsson, 1977). 
This will thus occur to the same extent in all six groups, but its later consequences 
might be slightly different according to the CBF and arterial pressure. Its regional 
selectivity, however, (principally in the diencephalon and mesencephalon) shows 
no relationship to the distribution of ischemic cell change. 


TABLE 3. LABILE CEREBRAL METABOLITES IN CEREBRAL CORTEX OF CONTROL RATS 
AND AFTER 2 H OF SUSTAINED BICUCULLINE-INDUCED EPILEPTIC SEIZURES IN 
STANDARD ANIMALS (NORMOXIC, NORMOTENSIVE, NORMOTHERMIC) AND IN ANIMALS 
WITH MODERATE HYPOTENSION (MEAN ARTERIAL BLOOD PRESSURE 75 mmHg), 
HYPOXIA Pao 44-2+3-5 mmHg), HyPOGLYCAMIA OR HYPERTHERMIA (BODY 
TEMPERATURE 40:34-0-1? C). 


Phospho- 

creatme ATP EC* Lactate La/Py 
Control ‚ 4-474.0-08 3-024-0-02 0-947 4-0-000 1-424:0-10 11 5::0-6 
(n—12) 
Standard 3-39 4:027 2-94+0-03 0:937 4:0-002 9-1441 76 52:6475 
Q= i 
Hypotension 2-65+0-10* 2.944-0-04 0-933 4- 0-002 16-06 + 1-05** 92:54-4-8** 
(n=6) 
Hypoxia 2-614-0 30 2-804-0-06 0-931 4-0-004 23222--2.03***  14394-23.1** 
(n=6) | j 
Hypoglycæmia 3-38--0-15 2:3340-02*** 0:913--0:008** 1:31--0:23* 17-60 8** 
(n—3) 
Hyperthermia 2-38+0-13** — 2.924-0-03 0-933 4-0002 17-723:1-55** 95-0+13-3** 
(n=5) 


Mean+SEM in pmol g~! of wet tissue (Blennow et al., 1977, 1978a, b, c). For statistical evaluation the 
Hypotension, Hypoxia, Hypoglycemia and Hyperthermia Groups have been compared with the Standard 
Group, not the Control Group. * P<0-05, ** P<0-01, *** P<0 001. + EC—adenylate ‘energy charge’ = 


АТР/--0:5/АРР, 
IRTE JADP]-. AME] 


Intracranial pressure and cerebral venous pressure increases markedly in the 
initial seizure phase, both in baboons (Meldrum and Horton, 1973) and in rats 
(Meldrum and Nilsson, 1976) but probably to a comparable extent in all our six 
groups. Subsequently it falls showing a relationship to the arterial pressure and 
CBF. A similar reasoning to that given above for blood-brain barrier dysfunction 
makes it unlikely that venous pressure is critical in the causation of cerebral 
cortical ischemic neuronal changes. However, the presence of cortical damage 
and the absence of hippocampal damage in the Severe Hypotension Group (in 
which cerebral blood flow, intracranial pressure and cerebral venous pressure 
would be lowest) draws attention to the possible role of such factors in hippo- 
campal damage. Many previous authors (Morel and Wildi, 1956; Scholz, 1959; 
McLardy, 1974) have proposed that a local vascular factor is important in the 
pathogenesis of epileptic damage in the hippocampus, but experimental proof of 
this is so far lacking. 
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The administration of sodium bicarbonate solution to some rats did not appear 
to modify the acute neuropathological outcome. Approximately half the animals 
in the moderate hypotension, and the hyperthermia groups receive bicarbonate 
solution, but this did not produce any differences within the groups in pathological 
outcome. Thus it is unlikely that bicarbonate was a major protective factor in the 
Hypoxia Group. 


Energy failure is not a likely explanation for the lesions in the Standard Group 
since previous studies have revealed that there is only a very small decrease in 
energy charge (Chapman et al., 1977; Blennow et al., 1977, see also Table 3). 
Furthermore, there was a similar reduction in the Hypoxia Group and the 
Moderate Hypotension Group in which lesions were virtually absent (see 
Table 3). The results indicate that the enhanced neuronal activity per se might 
be a factor related to the lesions, however probably not the sole one, since there 
was little or no diminution of the electrical seizure activity in the animals 
in the Moderate Hypotension Group, and yet these animals showed hardly any 
lesions. ` 

Is it possible that the high tissue oxygen tension in the Standard Group could 
come into play as a pathogenetic factor? In all aerobic cells chemical reduction 
of oxygen gives rise to formation of free radicals that unless quenched can lead to 
lipid peroxidation and membrane damage (Barber and Bernheim, 1967;, Slater, 
1972; Fridovich, 1974, 1975; Demopoulos, Flamm, Seligman, Power, Piatronitro 
and Ransohoff, 1977). There are reasons to believe that free radical formation is 
proportional to tissue Po, and to rate of flux in metabolic pathways including the 
respiratory chain. Direct measurements of tissue Po, during seizures often reveal 
an increase (Gurdjian, Webster and Stone, 1947; Caspers and Speckman, 1972) 
and studies of Jóbsis, O'Connor, Vitak and Wremon (1971) have shown that 
oxidation of mitochondrial NADH occurs. We may thus propose that in the 
Standard Group the combination of increased Po, and enhanced metabolic rate 
overwhelms the cellular defence against free radicals which leads to oxidative 
degradation of intracellular membranes. 

Reduction of arterial pressure to about 75 mmHg or of Po, to about 40-50 mmHg 
should eliminate the surplus of brain oxygen supply brought about by the pro- 
nounced increase of cerebral blood flow during uncomplicated seizures (Meldrum 
and Nilsson, 1976; Blennow et al., 19786, c). At this level of moderately reduced 
cerebral oxygen availability the EEG pattern is unchanged, CMR o, is upheld at 
supranormal values, and the energy charge maintained at levels observed“n the 
Standard Group (cf. Table 3). In this situation reduction of tissue Po, may explain 
why lesions were less pronounced. The further reduction of oxygen availability 
associated with severe hypotension is accompanied by a transition into an EEG 
pattern of single spikes and a CMRo, below about 150 per cent of control (Blennow 
et al., 1978b). This occurs when the oxygen is virtually completely extracted from 
the cerebral blood, and at an energy charge of about 0-91. Thus, the neuronal 
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lesions seen in the Severe Hypotension Group could conceivably be ascribed to 
energy failure combined with abnormal neuronal activity. 

Parallel studies during sustained seizures combined with hypoglycemia 
(Blennow et al., 1978b) show that when the EEG changes into a pattern with 
isolated single spikes, CMR o, returns to normal levels, and the cerebral blood flow 
falls to normal or sub-normal values. The net effect of these changes on cerebral 
energy metabolism is summarized in Table 3. It can be seen that there was a 
moderate fall in energy charge almost as pronounced as in the Severe Hypotension 
Group (see above and Blennow et al., 1978c). Nevertheless, the corresponding 
animals in the present investigation were protected from neuronal damage. 
Conceivably this could be due to the absence of lactic acid accumulation and to a 
reduction of seizure activity (and metabolic flux) preventing further energy 
perturbation. 

Apparently the further metabolic stress exerted by the hyperthermia (see 
Carlsson, Hágerdal and Siesjó, 1976) exaggerated the neuronal lesions. This 
finding is therapeutically relevant to the brain damage following prolonged 
febrile convulsions and hyperthermia occurring in status epilepticus (see 
Corsellis and Meldrum, 1976). 

Clearly, the complex relations between cerebral glucose and oxygen availability 
and neuronal function and metabolism lead to unpredictable consequences for 
cellular integrity during seizures. The pathogenetic mechanisms leading to 
lesions remain to be elucidated. However, it seems a distinct possibility that 
lesions occurring in the absence of overt energy failure are due to increased 
oxygen tensions and metabolic rate, while those seen at severe reductions in 
oxygen availability are influenced by failure of cellular energy. In between these 
extremes of oxygen availability, there appears to be a 'free interval', possibly 
because the reduction in tissue oxygen tensions curtails oxidative degradation of 
cell membranes. А 

Caution should be exercised in drawing conclusions concerning clinical practice 
from these results. Sustained seizures induced in anzsthetized, paralysed, arti- 
ficially-ventilated adult rats are not strictly comparable with status epilepticus in 
adults or children. Our data lend weight to the common clinical objective of early 
termination of cerebral seizure activity and prevention or reversal of hyperpyrexia. 
It is probably not justified to predict the influence on outcome of manceuvres 
modifying blood pressure, blood gasés, blood glucose, plasma osmolarity and 
pH on the basis of this study. 


SUMMARY 


The possible role of systemic physiological changes (occurring secondarily 
during status epilepticus) in the causation of epileptic brain damage has been 
evaluated in rats. Animals were anzsthetized, paralysed and mechanically 
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ventilated; sustained electrocortical seizure discharges were induced by the 
intravenous injection of bicuculline, 1-2 mg/kg. After two hours of seizure activity 
brains were fixed by perfusion for histology. 

Physiological variables were maintained within certain limits from the end of the 
initial seizure phase (approximate duration twenty minutes) until two hours after 
onset of seizure to provide six groups: 


(1) Standard: mean arterial pressure above 120 mmHg, r no hypoxia or hypo- 
glycemia, rectal temperature close to 37° C. 


(2) Moderate Hypotension: mean arterial pressure at 70-75 mmHg. 

(3) Severe Hypotension: mean arterial pressure at 50 mmHg. 

(4) Hypoxia: arterial oxygen tension at 50 mmHg. 

(5) Hypoglycemia: non-fed animals, with blood glucose close to 3-0 „mol/g. 
(6) Hyperthermia: rectal temperature at 40? C. 


Microvacuolation and ischemic cell change were identified by light microscopy 
in scattered neurons in the cortex (principally in the outer layers) in animals in 
three groups (Standard, Severe Hypotension and Hyperthermia). Similar neuronal 
changes were seen in the hippocampus (predominantly in the h, or Sommer sector) 
in the Standard and Hyperthermia Groups. It is tentatively proposed that neuronal 
damage in animals with unrestricted cerebral oxygen and glucose availability is 
due to oxidative mechanisms in cells with excessively enhanced neuronal activity 
and that lesions caused by failing energy production do not appear until severe 
degrees of hypoxia are reached. 
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INTRODUCTION 


WORK conducted with electroencephalographic methods has indicated that 
polysynaptic systems of the brain are more easily depressed by alcohol than the 
specific sensory receiving areas of the cortex. Thus, in the cat, evoked potentials 
are depressed in the parietal association cortex and the reticular formation before 
- the somatosensory and auditory cortices are affected (DiPerri, Dravid, Schweigerdt 
and Himwich, 1968; Perrin, Hockman, Kalant and Livingston, 1974; Kalant, 
1975). Typical sensorimotor disturbances produced by alcohol are impairment of 
eye-hand co-ordination and of simultaneous performance in several tasks 
(Moskowitz, 1973). The posterior parietal association cortex is involved in eye- 
hand co-ordination, spatial attention and simultaneous performance of many 
tasks (Critchley, 1953). Disturbances in these functions were described after 
World War I by Holmes (1918) for patients who had bilateral gunshot wounds in 
both .posterior parietal association cortices. Moreover, one of the syndromes 
produced by lesions in the posterior parietal association cortex has been called 
simultanagnosia because of the incapacity of the patient to attend simultaneously 
to more than one task (Wolpert, 1924; Luria, Pravdina-Vinarskaya and Yarbuss, 
1963). І | Í 

‚ During recent years microelectrode recording of cellular discharges in the 
posterior parietal association cortex in awake monkeys has indicated that this 
region is involved in control of hand and eye movements (Hyvärinen and Poranen, 
1974, Mountcastle, Lynch, Georgopoulos, Sakata and Acuna, 1975, Lynch, 
Mountcastle, Talbot and Yin, 1977, Robinson, Goldberg and Stanton, 1978, . 
Leinonen, Hyvärinen, Nyman and Linnankoski, 1978). It therefore seemed likely 
that the posterior parieta] association cortex might be involved in the neural 
mediation of the effects of alcohol on sensorimotor co-ordination. We have 
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studied.the effects of alcohol on the cellular activity in this region of the monkey 
(fig. 1), and found that alcohol at many recording sites within this region has an 
effect on the cellular activity that closely parallels its effect on sensorimotor 
behaviour. x 


MEDIA, 





ANTERIOR 


LATERAL 


Fic. 1. Diagram of the recording area (stippled) m the lateral part of Brodmann's area 7. 


MATERIAL AND METHODS 


The effect of alcohol on the cellular activity in the posterior parietal association cortex was studied 
in seven hemispheres of five non-anzsthetized stump-tailed monkeys (Macaca speciosa). Recording of 
the neuronal activity was done using coarse metal microelectrodes with exposed tips of about 100 um. 
These were made of tungsten and covered with glass by a modification of the method described by 
Levick (1972). They were introduced into the brain with a hydraulic micromanipulator using a 
modification of the Evarts’ technique for recording from non-anesthetized animals (Evarts, 1968) as 
described earlier (Hyvürinen and Poranen, 1974). In the experiments the recovery from drug action 
took several hours, and it was not possible to hold single units іп non-ansgsthetized, moving animals all 
this time; therefore multiple unit studies were preferred. 

The recording was done in Brodmann's area 7 (fig. 1), which appears to be organized in columns as 
in other cortical regions (Hyvärinen and Poranen, 1974, Mountcastle et al., 1975). Therefore most 
neurons recorded simultaneously with a coarse microelectrode respond to similar stimuli, and 
multiple unit recording indicates adequately the function of the neurons at the site of recording. The 
multineuronal impulse-activity was filtered with a high-pass filter at 300, 500 or 1000 Hz to eliminate 
slow waves from the responses. High-pass filtering of the recording completely eliminated tbe slow 
waves from the signal leaving only action potential spikes (fig. 2) which were monitored with an 
oscilloscope and an audiomonitor. Fig. 2 shows multineuronal impulse-activity as recorded before 
integration. Occasionally an unfiltered slow-wave record (which may be described as a focal intra- 
cortical electrocorticogram) was also made. After filtering, the multineuronal impulse-activity was 
rectified and integrated with the apparatus described by Weber and Buchwald (1965). The time constants 
were adjusted for optimal responses to peripheral stimuli in the control phase of the experiment and 
were not changed during the action of alcohol and recovery. À charge time constant of 100 ms and a 
. decay time constant of 225 ms were most commonly used. Because the absolute levels of the responses 
were not comparable at different recording sites, the amplitudes of the responses were expressed as a 
percentage of control records. Fig. 2 illustrates the relationship between the raw multiple unit data and 
the integrated record, and the measurement of the amplitude of the integrated responses. Fig. 10 shows 
examples of both integrated multineuronal impulse-activity and focal intracortical electrocorticograms. 

Thirty-two experiments were made using ethanol in area 7 and two in the primary somatosensory 
cortex. Recordings were performed in 7 hemispheres of 5 monkeys. The recording site in the lateral part 
of area 7 (fig. 1) was determined stereotaxically, and in 3 monkeys (5 hemispheres) it was anatomically 
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Ға. 2. Raw recording of multineuronal impulse-actrvity (upper trace) and a rectified and integrated record of 
the same activity (Jower trace). The figure shows three control responses to reaching for a food reward with the 
arm ipsilateral to the recording site The amplitude calibration (50 uV) applies only to the raw recording. The 
measurement of the amplitude (a) of the integrated waves from the baseline of recording 1s indicated for the 
middle response. The average (+SD) values calculated from recordings made during the action of alcohol were 
expressed as a percentage of the average control values. 


verified after the animals were killed. In 2 monkeys (2 hemispheres) the same stereotaxic co-ordinates 
were used and functional criteria. also indicated the same region of recording. These 2 monkeys are 
alive at the time of writing and the recording site has not been anatomically confirmed. 

In initial experiments alcohol was given by mouth, and it was observed that the absorption, elimination 
and toxicity of ethanol in this species are comparable to those in man (Hyvarinen, Sippel, Linnankoski, 
Roine, Virtanen, Olkinuora and Nieminen, 1976). Since the blood alcohol levels rose slowly after 
peroral administration we decided to give alcohol intravenously through a catheter permanently 
implanted through the jugular vein (Craig, Trost and Talley, 1969). Under general anesthesia a catheter 
was introduced into the right atrium of the heart as indicated by pulsations of the blood column, fixed 
in place and its opposite end passed under the skin to the recording cylinder, capped and fixed on the 
outer side of the recording cylinder with a piece of perspex. The catheter was rinsed with sterile 
heparinized saline solution and penicillin was given through it daily. With these precautions the catheters 
remained patent for three to five weeks without infectious complications. Alcohol was infused rather 
rapidly as 25 per cent (v/v) solution in physiological saline giving 0-5 g/kg in approximately five minutes. 
Several infusions were given until the effect was clear or toxic symptoms started, which usually occurred 
after a dosage of 2 to 3 g/kg. After each infusion the catheter was washed with saline including a small 
amount of heparin. In 11 experiments the same catheter was used to obtain samples of central blood for 
estimation of blood ethanol concentrations. For this purpose blood samples of 0-1 ml were immediately 
pipetted into 1:8 ml of ice cold 0:6 M perchloric acid, containing 10 mM thiourea, and shaken, the 
suspensions were then centrifuged at 4000 x g for fifteen minutes at 4? C. Ethanol concentrations in the 
protein-free supernatants were estimated by head-space gas chromatography (Eriksson, 1973). А 

The behavioural action of alcohol was monitored by observing the monkey's reaching for food 
rewards. Raisins or pieces of banana were moved close to the monkey in the experimenter's hand or 
on a stick, and the monkey's reaching accuracy and speed was scored by the experimenter. Ten points 
were given for rapid and accurate grasping of the food and 0 points for no attempt to reach. Inter- 
mediate values were given for intermediate accuracies and speeds. Three observers did the scoring, 
getting results which did not differ from each other by more than +10 per cent. In some experiments 
the latency of reaching for food reward was separately measured using a specially constructed food well 
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with electric timing. The inverse of the latency correlated well with the reaching accuracy scores. Eye 
movements were observed by recording electro-oculograms with four Ag-AgCI electrodes chronically 
implanted around the orbits (Bond and Ho, 1970). 


RESULTS 


Effects on Spontaneous Activity 

Alcohol produced a rhythmic spontaneous discharge of impulses at most 
recording sites. An example of this rhythm is shown in fig. 3. The prevalence of the 
rhythm was determined by measuring the time that the discharge was rhythmic 
and expressed as a percentage of the total recording time as indicated in fig. 3. 





Е. 3. A rhythmic period in the record of integrated multineuronal pru -activity For measurement of the 
percentage of time of rhythmic discharge 40 s of spontaneous activity was recorded, and the rhythmic periods in 
it were marked as indicated in the figure. Periods containing three or more well discernible successive waves were 
considered as rhythmic activity. The duration of these periods was measured and жаш as a percentage of the 
total duration of the recording. 


The dominant frequency of the rhythm was determined by counting the number 
of distinct waves per unit time during the rhythmic periods. With an increasing 
dosage of alcohol the prevalence of the rhythm increased and its frequency 
decreased. Some rhythmic discharge appeared after 0-5 to 1 g/kg of alcohol and 
with low dosage it was more common when the monkey's eyes were shut or 
covered (fig. 4). With an increasing dose the rhythm gradually became more 
prevalent until the spontaneous activity was continuously rhythmic. The 
proportion of rhythmic activity correlated inversely with the monkey's reaching 
accuracy (fig. 4). 

The dominant frequency of the rhythm recorded in the multiple unit discharge 
ranged from 3:5 to 1 Hz corresponding to the delta region of EEG frequencies. 
There was an inverse relationship between the dose of ethanol (or blood ethanol 
level) and the frequency of the spontaneous rhythm, but the frequency of the 
rhythm was not affected by closing of the eyes as was its occurrence (fig. 5). 


Effects on Cellular Responses to Reaching and Other Motor Activity 


Twelve of the 32 recording sites in area 7 were related to voluntary motor 
activity of the hand. At these sites alcohol was more commonly effective than at 
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FiG. 4, The percentage of rhythmic discharge time ın spontaneous multineurona] umpulse-activity during 
infusion of alcohol and recovery from its action at a recording site in area 7 Five infusions of 0:5 g/kg body 
weight of alcohol were given intracardially (arrows). The dotted line indicates the percentage score of the monkey's 
reaching accuracy A peak blood alcohol level of 400 mg/100 ml was reached at 100 min from the start of the 
experiment 


the sites activated by sensory stimuli (Table 1). Ten of these sites were active during 
reaching movements made by the monkey, that is, the activity increased when the 
monkey was actively reaching for food rewards (Hyvarinen and Poranen, 1974, 
Mountcastle et al., 1975). The activity at two recording sites correlated with 
manual grasping of the target. Fig. 6 shows an example of the effect of alcohol on 
the responses to reaching with the contralateral hand. At this recording site the 
cellular activity started when food was brought within the reach of the monkey 
and he started arm movements toward the food. The activity ceased when the 
monkey had the food firmly in his hand. The reaching movements became 
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Fic 5. The dominant frequency of the spontaneous multineuronal impulse-rhythm as a function of blood 
ethanol level in another experiment The dominant frequency was approximately 3 Hz when the blood ethanol 
was 100 mg/100 т! and 1 Hz when the blood ethanol was 400 mg/100 ml. The frequency was not affected by 
closing the cyes 
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characteristically slower and clumsier with the increasing dose of alcohol and 
simultaneously the cellular discharge also diminished. 

Under the influence of alcohol a close correlation between the amplitude of 
integrated multiple unit responses and the monkey’s reaching accuracy was 
observed in 8 of the 12 locations that responded to reaching or grasping (Table 1). 
At the remaining 4 recording sites the responses were not affected by alcohol 
although the monkey performed very poorly in reaching for the reward. We found 
no features in the control responses that would indicate whether a particular site 
was sensitive to alcohol or not. 
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Fic. 6. Results of an experiment performed at a site responsive to reaching movements performed with the 
contralateral hand. When the monkey was reaching for a food reward the neuronal responses and the monkey's 
reaching accuracy were simultaneously recorded. Both fell uniformly with increasing ethanol dose. Means and 
standard deviations of 10 responses expressed as a percentage of the mean values of control record. 


TABLE 1. EFFECT OF ALCOHOL ON MULTI-NEURONAL RESPONSES AT DIFFERENT 
RECORDING SITES IN AREA 7 


Type of activity Effect No effect Total 
N % N 5 N 5 
1. Motor (reaching, grasping) 8 67 4 33 12 38 
2. Visual (complex visual phenomena) 5 50 5 50 10 3i 
3. Somatosensory (skin, muscle) 3 30 7 7 10 31 
Total 16 50 16 50 32 100 


Effects on Visual Responses 


Ten of the recording sites were activated by visual stimuli. All these sites 
responded to complex visual stimuli of the type described by Hyvárinen and 
Poranen (1974) and Leinonen et al. (1978). The activity at these sites was triggered 
by one of the following types of visual stimuli: a new object not seen by the monkey 
before, visual approach toward the monkey, rotatory movement of three- 
dimensional objects, or movement of large objects in the monkey's visual field. 
The responses were not dependent on eye movements except at one locus where 
both eye movements and moving visual stimuli triggered activity. Visual fixation 
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in itself was not enough to trigger responses at these sites as fixation of food did not 
result in a response. 
Fig. 7 shows the effect of alcohol on a complex visual response. At this site 
cellular activity was triggered by new objects that were brought into the monkey's 
visual field. As such objects we used various laboratory tools, ten of which were 
consecutively presented to the monkey to obtain the mean and standard deviation 
values shown in the figure. Fixation of food did not activate this site nor did 
repeated presentations of the same object. As can be seen in the figure the responses 
diminished with increasing blood alcohol concentration and recovered during 
elimination of alcohol. The amplitudes of the responses also correlated with the 
reaching accuracy of the monkey. A difference between the effects of rising and 
falling alcohol concentrations was observed in this experiment as well as in a few 
others. In fig. 7 a blood concentration of 200 mg/100 ml during the rising phase of 
intoxication reduced the cellular responses and reaching accuracy nearly by half, 
whereas, during the recovery phase, almost normal cellular and behavioural 
responses were observed at this level of blood alcohol, indicating an acute tolerance 
effect. 
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Fic.7 Results of an experiment performed at a site responsive to introduction of new objects into the monkey's 
field of vision. The arrows indicate intracardiac infusions of 0:5 g/kg of alcohol each giving a total of 2-5 g/kg. 
The integrated multineuronal 1mpulse-responses and the monkey's reaching accuracy (mean - SD of 10 responses) 
are expressed as a percentage of mean control values Ten different laboratory tools and other objects not 
previously seen by the monkey and conveniently available were successively presented in each phase of the 
experiment. Repeated presentations of the same stimulus object, even food that triggered visual fixation, did not 
activate these celis ў 


At 5 of the 10 visual recording sites alcohol significantly reduced the responses, 
whereas at the other 5 sites with this type of response no effect of alcohol on the 
responses was observed. At the latter recording sites the cellular responses 
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remained unchanged even when the monkey was heavily intoxicated and did not 

seem to attend to the stimuli. Neither could we predict on the basis of the control 

recording whether the responses of the visual recording sites would be influenced 
_by alcohol or not. 


Effects on Somatosensory Responses 


Ten of our recording sites were activated by somatosensory stimuli. Seven of 
these sites were related to cutaneous stimulation, and three that were unresponsive 
to cutaneous stimulation responded to squeezing of the underlying muscles. Such 
responses were not elicited as readily as in the adjacent primary somatosensory 
area, where repeated passive stimulation always evokes a stereotyped response 
(Hyvarinen and Poranen, 1978). In area 7 the responses habituate quickly on 
repeated stimulation and they are usually best elicited with relatively large stimuli 
(Hyvárinen and Poranen, 1974; Leinonen et al., 1978). 
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Fic. 8. Results of an experiment performed in area 7 at a site responsive to cutaneous touch stumuli on the 
contralateral palm and fingers. Although the reaching accuracy of the monkey fell as-a function of the ethanol 
dose no significant change occurred in the amplitude of the integrated cutaneous multineuronal responses. 
Mean «SD of 10 responses. 


The somatosensory recording sites were on the average more resistant to the 
action of alcohol than the other types of recording sites. A decrease of the responses 
was observed at only 3 of the 10 sites whereas responses at 7 sites remained 
uninfluenced by moderate concentrations of alcohol. Fig. 8 indicates the stability 
of the responses at a site responsive to touch stimuli on the hand. Up to 3 g/kg of 
' alcohol was given to the monkey resulting in a complete cessation of the animal’s 
reaching behaviour. The cutaneous responses were not, however, appreciably 
reduced. 

Fig. 9 shows results of an exceptional experiment where both cutaneous and 
visual responses could be recorded simultaneously. A response was obtained from 
an approaching visual stimulus but a smaller response was also evoked by a 
cutaneous touch stimulus when the monkey's eyes were covered. The best response 
was evoked by cutaneous touch when the monkey could see the touching. These 
three responses were differentially sensitive to the action of alcobol. The purely 


EFFECT OF ETHANOL ON PARIETAL CORTEX 709 


cutaneous responses (obtained with eyes covered) were least influenced and the 
responses to approaching visual stimuli were most influenced. 

We made a few experiments with an exceptionally large alcohol dosage to see 
whether this would abolish responses to somatosensory stimulation in area T, 
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Fra. 9. Results of an experiment performed at a site responsive to visual stimuli approaching the monkey's 
face and to cutaneous stimulation of the contralateral cheek. All responses are expressed as-a percentage of the 
corresponding value in the control record. The ethanol infusions (arrows) were 1, 1 and 0-8 g/kg The response to 
visual approach was the most sensitive to alcohol and the cutaneous response obtained with eyes covered was the 
least sensitive. Mean +SD of 10 responses 


and also to observe the fate of the responses in the adjacent primary somatosensory 
cortex. In three experiments 5 to 7 g/kg of ethanol was given by mouth during 
several hours. These dosages were large enough to produce a comatose state in 
the monkeys (Hyvärinen et al., 1976). During the comatose phase the somato- 
sensory responses disappeared at two of these recording sites in area 7 but remained 
uninfluenced at one site. Fig. 10 shows spontaneous activity and responses at a 
site in area 7 responsive to cutaneous touch on the hand. The upper curve in each 
pair is the integrated multiple unit activity and the lower one the unfiltered focal 
: electrocorticogram. The responses did not decrease until 7 g/kg of alcohol had 
been given; then the monkey suddenly became nonreactive to its environment. At 
the same time the responses to cutaneous stimulation also disappeared and only 
periodic spontaneous bursts of activity remained. We then quickly shifted the 
electrode to the adjacent primary somatosensory cortex where we still obtained 
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strong responses to touching of the hand (fig. 10D). In another experiment in 
which the recording was continuously done in the primary somatosensory cortex 
no effect of alcohol was observed. 
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Fic. 10, Integrated multincuronal impulse activity and focal intracortical electrocorticogram at a recording 
site in area 7 responsive to cutaneous stimulation of distal parts of all limbs. The left side of the picture shows 
spontaneous activity and the right side the responses to cutaneous stimuli delivered on the contralateral hand, 
the site that gave the best responses. Both imtegrated multineuronal mmpulse-activity and focal intracortical 
electrocorticograms are shown. In each pair the top record 1 the integrated multineuronal uimpulse-activity and 
the lower record the corticogram obtained through the same electrode without filtering. A, control recording. 
B, after peroral administration of 5 g/kg of alcohol. c, after additional 2 g/kg of alcohol р, the electrode was 
shifted to the adjacent primary somatosensory cortex (SI) immediately after record c Here the tissue was still 
strongly reactive to cutaneous stimulation of the contralateral hand although the monkey did not react to any 
stimulation and no responses were recorded in area 7. 


DISCUSSION 


The multiple unit recording method used in this study is intermediate between 
recording of single units and focal intracortical electrocorticograms. Use of 
intracortical microelectrodes with a relatively large uninsulated area at the tip 
. (710014) allows monitoring of the activity of a group of cortical cells consisting 
of approximately 5 to 10 neurons. However, without filtering, the record includes 
. the focal slow waves which, because of their magnitude, tend to dominate the 
recording. High-pass filtering at 100 Hz or higher eliminates the slow waves, 
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leaving only the multi-unit discharge composed of the action potentials of cortical 
neurons (Buchwald and Grover, 1970). Rectification and integration of this 
activity gives a record whose amplitude reflects the quantity of action potential 
firing in the group of cells recorded (fig. 2). In this work the multineuronal 
impulse-activity was filtered at 300 Hz or higher before integration; we could not 
detect any slow-wave activity in these records. Although we did not record from 
single cortical neurons it can be inferred, on the basis of the multiple unit studies, 
that most of the cells at the site of recording respond to stimuli and react to drugs 
in the way indicated by the integrated multineuronal impulse-activity. The 
unfiltered, intracortically-recorded focal electrocorticogram also reflects the 
activity of the elements in a small volume of cortical tissue (fig. 10), but because of 
the slow-waves present in such records their interpretation is more complex than 
that of the filtered recordings composed of only action potential activity. However, 
the diversity of the response types encountered with focal recording suggests that 
EEG recordings performed from the cortical surface or from the scalp average 
activity from quite different types. of functional cell groups. Because of this 
averaging the surface EEG appears as a quite indiscriminate indicator of cortical 
. function. 

One of the characteristic actions of alcohol is its deteriorating effect on the 
accuracy of control of movement, particularly of eye-hand co-ordination. The 
ability to perform several tasks simultaneously is reduced under the influence of 
alcohol (Moskowitz, 1973).- Patients who have posterior parietal lesions demon- 
strate defects that resemble these effects of alcohol. Thus bilateral lesions of this 
part of the cortex produce disturbances in eye movements and directed movements 
of the hand (Holmes, 1918; Critchley, 1953), and occasionally lesions produce an 
inability to attend visually to more than one target at a time (Balint, 1909; Wolpert, 
1924; Luria et al., 1963). In the corresponding part of the cortex in the monkey the 
activity of neurons is related to eye and hand movements and to complex sensory 
stimuli (Hyvárinen and Poranen, 1974; Mountcastle et al., 1975; Lynch et al., 
1977; Yin: and Mountcastle, 1977; Robinson et al., 1978; Leinonen et al., 1978). 
It therefore seemed possible that effects of alcohol in this area would reflect the 
effect it has on sensorimotor performance. In this study such effects were seen at one 
half of the recording sites in the posterior parietal association area 7, whereas with 
the dose (up to 2 or 3 g/kg) commonly used, the other half of the recording sites 
remained uninfluenced. The effects were most common at the recording sites 
where the activity was related to motor behaviour of the monkey, less common at 
recording sites characterized by responses to complex visual stimuli and least 
common at the recording sites with somatosensory responses. With a larger dose 
of alcohol, however, more of the somatosensory sites were affected whereas no 
influence of alcohol was observed in the primary somatosensory cortex. 

It is obvious that the posterior parietal association cortex is functionally not 
homogeneous but that various groups of cells (columns) respond to different types 
of stimuli (Hyvarinen and Poranen, 1974; Mountcastle et al., 1975). However, 
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this work shows that in addition to this complexity of functional connections the 
sensitivity to drugs is also unevenly distributed in this region. It was not possible 
to predict on the basis of the type of the control response whether it would be 
influenced by alcohol or not. The fact that an increase of the dose brought 
additional somatosensory recording sites under the influence of alcobol suggests 
that the uneven distribution of effects may be a question of dose. With a dose that 
was sufficient to disturb sensorimotor co-ordination severely only half of the 
recording sites were affected, but with a dose that produces a comatose stage most 
(but not all) sites in area 7 become apparently unresponsive. This area is far more 
sensitive to alcohol than the adjacent primary somatosensory cortex. It is well 
known that general anesthesia does not block the responses in the primary 
somatosensory cortex whereas it does so in the association areas (Albe-Fessard 
-and Fessard, 1963; Thompson, Johnson and Hoopes, 1963). 

It has previously been reported that alcohol slows the rhythms of the EEG as 
do other depressant drugs (Hogans, Moreno and Brodie, 1961; Sauerland and 
Harper, 1970). This effect was very clearly reflected in the multineuronal impulse- 
activity recorded in this study. A close-to-linear relationship between the frequency 
of the dominant rhythm of the multiple unit discharge and the blood alcohol level 
(fig. 5) was observed. The appearance of a spontaneous slow rhythm is probably an 
indication of partial functional decoupling of the recording site from other brain 
mechanisms. The occurrence of rhythmic multiple unit discharge also correlated 
with the impairment of the monkey's sensorimotor co-ordination (fig. 4). The fact 
that closing the eyes increased the occurrence of the rhythm at moderate alcohol 
doses indicates the generalized influence of vision on the spontaneous activity in 
this part of the cortex. . 

It has been suggested that the effect of alcohol depends on the complexity of 
synaptic contacts to the site of recording (Wallgren and Barry, 1970; Himwich and 
Callison, 1972; Kalant, 1975). On the basis of EEG and evoked potential studies 
the cortical association zones and the reticular formation of the brain-stem, a 
polysynaptic structure, were reported to be quite sensitive (DiPerri et al., 1968; 
Perrin et al., 1974). Our findings in the parietal association area 7 support this 
interpretation, since no effects were observed in the primary somatosensory 
cortex, and within area 7 the effect correlated with complexity of response 
properties. The somatosensory afferents arriving in area 7 from the adjacent 
somatosensory cortex and from area 5 (Jones and Powell, 1970) form more direct 
connection with the cells in area 7 than the visual afferents, which must arrive 
through a more complex route (Kaas, Lin and Wagor, 1977, Yin and Mountcastle, 
1977). The more complex route could explain the greater sensitivity of the visual 
responses to alcohol. However, these results indicate that two cortical loci that 

- appear functionally similar may have different synaptic contacts from the 
pharmacological points of view. 


EFFECT OF ETHANOL"ON PARIETAL CORTEX 713 


SUMMARY 


The effect of alcohol was studied in alert monkeys on the cellular mechanisms 
of the posterior parietal association cortex, a region that normally participates 
jn visuo-spatial co-ordination of hand movements. In thirty-two experiments, 
the effects of intracardiac administration of ethanol were monitored by the 
intracortical multiple-unit recording technique. Alcohol produced rhythmic 
groupings of the spontaneous impulse activity; the rhythm was accentuated by 
closing the eyes. The dominant frequency of this rhythm (3-5 to 1 Hz) correlated 
inversely with the blood alcohol level. Three groups of response types were studied 
in Brodmann’s area 7. At 8 of 12 recording sites, a close correlation was observed 
between the monkey’s reaching accuracy and the magnitude of integrated multi- 
neuronal responses to reaching with the contralateral arm under visual guidance, 
or to grasping an object. Half of the 10 recording sites which were activated by 
complex visual stimulation also showed a close correlation with the behavioural 

. action of alcohol. Least sensitive to alcohol were somatosensory responses; only 
3 of 10 of such recording sites were influenced by moderate doses of alcohol. 
Larger doses producing coma increased the proportion of responses blocked by 
alcohol, whereas no effects were observed in the adjacent primary somatosensory 
cortex. 

Our results show that the posterior parietal association cortex is very sensitive 
to the action of alcohol. Moreover, these findings support the theory that the 
action of alcohol in various parts of the central nervous system depends on the 
complexity of synaptic contacts to the location under study. 
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* NOTICES OF RECENT PUBLICATIONS 


Scientific Approaches to Clinical Neurology. Vols. I and II. Edited by E. S. Goldensohn and S. H. Appel. 
1977. Pp. 2040. London: Henry Kimpton. Philadelphia: Lea and Febiger. Price £150.00. 


In their preface the editors write that the concept of this work must be ascribed to Dr. Milton Shy, 
who had begun to assemble authors before his lamented premature death in 1967. Dr. Shy's idea was ‘to 
incorporate scientific knowledge relevant to neurological diseases into a clinical textbook of neurology’. 
Consequently the emphasis has been on advances in basic science which have contributed to our under- 
standing of neurological disease. No attempt has been made to record all our knowledge of clinical 
neurology. The distinguished contributors are largely American, but there are representatives from other 
countries, including Bannister, Guttmann, Hopkins and Walton from Britain. 

Internal evidence, that is the references and the authors' preface, indicates that completion has been a 
lengthy process. Thus the references in some chapters are limited to the 1960s, although addenda are 
included which bring the story more up to date. The reviewer does not envy the editors their task of 
assembling so much material from so many authors and the subsequent preparation of the scripts for 
publication. It is sad that the apparent delay in publication has meant that this large work does not 
include accounts of important recent additions to knowledge. Admittedly there are some chapters 
which contain as much contemporary information as the reader can properly expect. What is the answer 
to problems of time which confront the editors of compendia and their contributors? There are 
conspicuous examples of much smaller yet comprehensive neurological works which appear in regular 
new editions and contrive to be up to date. While the solution 1s probably quite impracticable and 
financially impossible, one would look forward to an early second edition of this remarkable enterprise. 
Alternatively, the reader must turn to publications which are more limited in scope, the well prepared 
monograph or the multi-author contribution on a single theme. 

Thetwo volumes are handsomely produced and carefully edited. The contributors write with authority 
and their names are sufficient guarantee of the quality of Scientific Approaches. Together the books 
weigh some five kilogrammes and can only be read comfortably at desk or table. At £150 this work is 
unlikely to find a place in many British departmental libraries. 

R. A. HENSON 


Pathogenesis of Human Muscular Dystrophies, Edited by L. P. Rowland. 1977. Pp. 895. Amsterdam: 
Exerpta Medica. Price Dfl. 164.00. 


This large (895 pages) and expensive (£34.00) book 1s the Proceedings of the Fifth International 
Scientific Conference of the Muscular Dystrophy Association Inc. of the United States, which took 
place ın June 1976. m : 

It is a valuable collection of 70 papers on many aspects of neural and muscular structure and function, 
including short reviews by elder statesmen on philosophy of muscle research, neural control of muscle 
and electrophysiology. A large section is devoted to the neuromuscular junction, commencing with a 
beautiful account, with persuasive illustrations, of the advantages of ultrafast freezing combined with low 
temperature fixation (J. E. Heuser) in preserving fine structure. This section also contains several 
contributions to the growing body of acetyl choline receptor research with papers almost exclusively 
concerned with human myasthenia and experimental allergic myasthenia gravis. These contributions 
are full of technical points and references which will be of interest to many. 
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The neurogenic theories are explored by several authors concerned almost entirely with electromyo- 
graphy. A. J. McComas revises the ‘sick motor neurone’ concept in relation to the several dystrophies, 
indicating the ‘uncertain’ position of Duchenne dystrophy and the likelihood that patients with myotonic 
dystrophy and the Fukuyama dystrophies, together with proximal muscle atrophy of late-onset, may 
have abnormalities of motor neurons. The discussion of the ‘neurogenic’ papers evokes, from noted 
authorities, important, highly technical and critical comments.about many of the papers. ° 

The most important section for the students of dystrophies per se seeks 'clues from physiology, 
morphology and biochemistry’ to track down the ‘site of the lesion’. Physiological papers discuss 
contractile mechanisms and membrane excitability with evidence presented for reduced excitability in 
Duchenne dystrophy, contractility defects and abnormal chemosensitivity. A question-and-answer 
format is used by W. King Engel, who examines histochemical evidence in detail and honestly concludes 
that the ‘site of the lesion’ has not been located by these methods. A. G. Engel follows with an electron 
microscopical study in Duchenne dystrophy in which no consistent abnormalities were found in blood 
vessels in muscles, axons, endplates or mitochondria in endplates, but which showed membrane gaps 
in a stall proportion of fibres, and interesting in vivo studies reveal that several substances, including 
enzymes, move through these gaps. 

Although a large part of the book is concerned with Duchenne dystrophy there are also papers dealing 
with other diseases such as myotonia and periodic paralysis. . | 

Muscle research is not latent and although much of the data in this book appeared in publications 
antedating the conference (sometimes by years) the availability of so much interrelated historical, 
technical and theoretical work in one volume will be of great value in many departments including those 
of neuropathology, neurology, genetics, pediatrics, biochemistry and physiology. 

DAVID DOYLE 


Slow Virus Infections of the Central Nervous System. Edited by Volker ter Meulen and Michael Katz. 
1977. Pp. 272. Berlin: Springer-Verlag. Price DM. 62.40. 


Since this book is basically the proceedings of a workshop on slow virus infections of the nervous 
system held in the University of Wurzburg in March 1975, it may already seem rather out of date. Yet 
the chapters are useful reviews of the field at that time, and probably much of the work undertaken on 
slow virus diseases in the course of the last three years has been aimed at consolidating information about 
existing diseases rather than establishing new concepts. The editors should however have defined what 
they mean by slow virus infections of the nervous system, since many of the diseases referred to in the 
book would not immediately be classified as being in that group by me, but I am no virologist. 

The book is presented in four parts. The first deals with ‘unconventional agents’, viz. those responsible 
for scrapie and the subacute spongiform encephalopathies, and the progressive pneumonia viruses 
of sheep. This 1s followed by a section on ‘conventional agents’, and includes reviews on progressive 
multifocal leukoencephalopathy and subacute sclerosing panencephalitis. There are also some observa- 
tions on borna disease. The third part, need we say it, is devoted to multiple sclerosis and incorporates 
some facts and a considerable amount of speculation, while the fourth—interesting reading—is a 
‘critique on the investigational approaches to etiology and pathogenesis’. 

I enjoyed reading this book, and it will be a useful source of references up to about 1974. But it does 
not really incorporate anything new or particularly stimulating. 

HUME ADAMS 


Handbook of Clinical Neurology. Edited by P. J. Vincken and G. W. Bruyn. Vol. 32. Congenital 
Malformations of the Spine and Spinal Cord. 1978. Pp. 600. Amsterdam: Elsevier/North Holland. 
Price Dfl. 235.00. i 


The neurologist will find himself on more familiar ground with this volume of the Handbook. From 
the lamented Dyindjian’s addendum to his authoritative review of spinal cord angiomas we learn that 
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his chapter was written in 1974-75, and it is a pity that a brief note covers his subsequent experience of 
diagnosis and treatment in the field. By contrast, Brocklehurst, who was recruited late in the day, was 
able to provide an excellent, up-to-date account of spina bifida. The problem of timely publication 
affects all editors of compendia, and readers must look elsewhere for more recent developments 1n many 
of the topics covered by such works. 

*There are many excellent chapters 1n this volume. Salam and Adams contribute a comprehensive but 
enviably succinct account of the Arnold-Chiari malformation. Roaf's chapter on scoliosis and other 
spine malformations will prove useful to the medical neurologist. Wilkins and Odom provide complete 
lists of recorded examples of intrapelvic, lumbar and thoracic meningoceles up to 1971, plus a record of 
their own patients; this chapter has an evident value to the neurosurgeon. These cited contributions 
have been chosen at random, for there are several others which deserve equal mention. 

In summary, medical and surgical neurologists will find the book a comprehensive work covering the 
literature thoroughly up to the presumed deadline afforded the contributors. It is recommended for all 
departmental libraries. 

R. A. HENSON 


Intercellular Junctions and Synapses. Receptors and Recognition. Series B, Volume 2. Edited by 
J. Feldman, N. B. Gilula and J. D. Pitts. 1978. Pp. 246. London: Chapman and Hall; New York: 
John Wiley. Price £15.00. 

This book describes current research work aimed at establishing how neural cells communicate with 
each other. Although of only limited clinical interest this book provides up-to-date reviews of chemical 


' synapses and gap junctions which will be of particular interest to neurologists and cell biologists. 
D. M. BOWEN 
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